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ABSTRACT	  Distinct	  Roles	  for	  Dynein	  Regulatory	  Proteins	  NudE	  and	  NudEL	  in	  Brain	  Development	  Shahrnaz	  Kemal	  	   The	  development	  of	  the	  mammalian	  neocortex	  requires	  the	  careful	  balancing	  of	  proliferation,	  migration,	  and	  differentiation.	  The	  cellular	  machinery	  coordinating	  these	   events	   includes	   molecular	   motor	   proteins	   such	   as	   dynein.	   Regulation	   of	  dynein	   activity	   is	   particularly	   important,	   since	   it	   is	   the	  major	  microtubule	  minus-­‐end	  directed	  motor	  in	  cells.	  Dynein	  is	  a	  large,	  complex	  structure	  comprising	  several	  subunits	   and	   binding	   partners.	   Its	   function	   is	   critical	   for	  multiple	   stages	   of	   brain	  development.	   The	   dynein	   regulatory	   proteins	   NudE	   and	   NudEL	   have	   been	  implicated	  in	  several	  aspects	  of	  dynein	  function,	  including	  brain	  development.	  	  Originally	   identified	   as	   nuclear	   distribution	   (nud)	   factors	   in	   the	   dynein	  pathway,	   NudE	   and	   NudEL	   are	   now	   known	   to	   have	   diverse	   roles	   in	   mitosis,	   cell	  migration,	  and	  intracellular	  trafficking.	  Mice	  null	  for	  Nde1,	  the	  gene	  encoding	  NudE,	  have	   microcephaly,	   whereas	   mice	   null	   for	   Ndel1,	   which	   encodes	   NudEL,	   are	  embryonic	   lethal	   (Feng	   and	  Walsh,	   2004;	   Sasaki	   et	   al.,	   2005).	   Additionally,	  Nde1	  mutations	  have	  recently	  been	  shown	  to	  result	  in	  microcephaly	  and	  lissencephaly	  in	  human	  patients	  (Alkuraya	  et	  al.,	  2011;	  Bakircioglu	  et	  al.,	  2011).	  	   NudE	  and	  NudEL	  are	   functionally	   related	  paralogs	   that	  are	  more	   than	  70%	  similar.	  Both	  bind	  to	  dynein	  and	  LIS1,	  another	  dynein	  regulatory	  protein	  involved	  in	  brain	  development.	  In	  addition	  to	  serving	  as	  recruitment	  factors,	  NudE	  and	  NudEL	  impact	   dynein	   force	   production	   and	   allow	   dynein	   to	   serve	   as	   a	   persistent	   motor	  
under	   high	   load	   (McKenney	   et	   al.,	   2010).	   This	   would	   be	   particularly	   important	  during	   the	   proliferation	   of	   neural	   progenitors,	   which	   undergo	   cell	   cycle-­‐linked	  nuclear	  oscillations.	  These	  oscillations,	  termed	  interkinetic	  nuclear	  migration	  (INM),	  require	   forces	   acting	   upon	   the	   nucleus	   to	   drive	   upward	   (basal)	   and	   downward	  (apical)	  movement	  in	  the	  proliferative	  ventricular	  zone	  (VZ)	  of	  the	  brain.	  Research	  from	  our	  lab	  has	  identified	  dynein,	  along	  with	  LIS1,	  as	  being	  responsible	  for	  apical	  movement,	  and	  the	  unconventional	  kinesin	  Kif1a	  as	  the	  driving	  force	  behind	  basal	  movement	  (Tsai	  et	  al.,	  2005;	  2007;	  2010).	  	   The	   aim	   of	   this	   thesis	   has	   been	   to	   understand	   the	   mechanisms	   by	   which	  NudE	  and	  NudEL	  regulate	  dynein	  function	  in	  brain	  development.	  We	  identify	  a	  role	  for	  NudE,	  but	  not	  NudEL,	  in	  apical	  directed	  INM	  and	  radial	  progenitor	  mitosis.	  Using	  RNAi	  to	  reduce	  NudE	  and	  NudEL	  levels	  in	  rat	  neocortical	  radial	  glial	  progenitor	  cells	  (RGPCs),	   we	   show	   that	   cells	   transfected	   with	   Nde1	   shRNA	   are	   arrested	   in	   two	  regions	  –	  the	  upper	  VZ	  and	  the	  lower	  intermediate	  zone	  (IZ).	  The	  cells	  in	  the	  upper	  VZ	  are	  predominantly	  RGPCs	  as	   assessed	  by	  morphology	  and	  expression	  of	   radial	  progenitor	  markers.	  Live	  cell	  imaging	  reveals	  that	  these	  RGPCs	  are	  able	  to	  undergo	  basal	   INM	  but	  are	  blocked	   in	  apical	   INM.	  As	  expected	   from	  the	  nuclear	  position	  of	  these	   cells,	   there	   is	   a	   significant	  decrease	   in	   the	  mitotic	   index	  of	  RNAi	   transfected	  RGPCs	   in	   the	   VZ.	   The	   cells	   arrested	   in	   the	   IZ	   are	  mostly	  multipolar.	   RNAi	   against	  
Ndel1	   results	   in	  a	   significant	  arrest	  of	  multipolar	   cells	   in	   the	   lower	  and	  middle	   IZ.	  However,	   INM	   proceeds	   as	   normal	   in	   Ndel1	   shRNA	   transfected	   cells.	   Closer	  examination	  of	  arrested	  multipolar	  cells	   in	  both	  RNAi	  cases	  using	  live-­‐cell	   imaging	  shows	   that	   these	   cells	   are	   not	   able	   to	   transition	   from	   the	   multipolar	   stage	   into	  
bipolar	   neurons,	   although	   they	   put	   out	   and	   retract	   dynamic	   neuritic	   processes.	   A	  few	   bipolar	   cells	   are	   observed	   in	  Ndel1	   shRNA	   transfected	   brains,	   but	   these	   are	  blocked	   in	   subsequent	   migration	   to	   the	   cortical	   plate.	   Our	   results	   provide	   an	  additional	  molecular	  explanation	   for	  microcephaly	  resulting	   from	  Nde1	  mutations,	  implicating	  a	  block	  in	  apical	  INM	  as	  a	  cause	  for	  reduced	  proliferation,	  since	  cells	  are	  unable	  to	  reach	  the	  ventricular	  surface	  where	  they	  normally	  undergo	  mitosis.	  	   NudEL	  has	  previously	  been	   implicated	   in	  having	  a	  role	   in	  neurite	  extension	  and	   axon	   elongation	   (Taya	   et	   al.,	   2007;	   Mori	   et	   al.,	   2009).	   Unpublished	   research	  from	   our	   lab	   identified	   NudE/EL	   as	   a	   possible	   early	  marker	   of	   neuronal	   polarity,	  since	  it	  localized	  to	  a	  single	  neurite	  of	  a	  Stage	  2	  hippocampal	  neuron	  as	  well	  as	  the	  axon	  tip	  of	  a	  Stage	  3	  neuron.	  In	  addition,	  the	  Stage	  2	  localization	  was	  coincident	  with	  the	   appearance	   of	   PMGS	   and	   phospho-­‐TrkA,	   two	   established	   early	   markers	   of	  neuronal	  polarity.	  We	  studied	  the	  role	  of	  NudE/EL	  in	  establishing	  neuronal	  polarity	  and	   found	   that	  Nde1	   and	  Ndel1	  RNAi	   inhibited	  axon	   formation.	  Overexpression	  of	  NudEL	  did	  not	  result	  in	  noticeable	  changes	  in	  axon	  formation,	  and	  the	  fluorescently	  tagged	  protein	  localized	  in	  a	  similar	  pattern	  as	  endogenous	  NudE/EL.	  We	  conclude	  that	   in	   addition	   to	   the	   role	   of	   NudEL	   in	   axon	   extension	   and	   outgrowth,	   NudE/EL	  serve	  as	  early	  markers	  of	  neuronal	  polarity	  and	  are	  required,	  though	  not	  necessarily	  sufficient,	  for	  axon	  specification.	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INTRODUCTION	  The	  brain	  architecture	  of	  higher	  mammals	  is	  characterized	  by	  larger	  size	  and	  extensive	  gyrification.	  This	  corresponds	  to	  a	  greater	  number	  of	  cortical	  neurons	  and	  increased	   surface	   area	   within	   the	   six-­‐layered	   neocortex,	   the	   brain	   structure	  primarily	  responsible	  for	  cognition	  and	  higher	  brain	  function.	  The	  formation	  of	  the	  cortex	   follows	   an	   “inside-­‐out”	   pattern	   of	   development,	   whereby	   the	   earliest	   born	  neurons	  settle	  in	  the	  deepest	  layers,	  while	  the	  more	  superficial	  layers	  are	  populated	  by	  later	  generated	  neurons	  that	  must	  migrate	  past	  earlier	  born	  neuronal	  progeny	  to	  settle	  in	  their	  final	  laminar	  destinations.	  The	   aim	   of	   this	   thesis	   is	   to	   gain	   a	   better	   understanding	   of	   the	   molecular	  mechanisms	   coordinating	   neural	   proliferation,	   migration,	   and	   differentiation	   that	  underlie	   the	  complex	  process	  of	  mammalian	  brain	  development.	   In	  particular,	   this	  body	  of	  work	  focuses	  on	  the	  roles	  of	  NudE	  and	  NudEL,	  regulators	  of	  the	  molecular	  motor	   protein	   cytoplasmic	   dynein,	   in	   the	   process	   of	   neocortical	   development.	   In	  Chapter	   2	   of	   this	   thesis,	   I	   will	   expand	   upon	   the	   specific	   role	   of	   NudE	   in	   neural	  progenitor	  cell	  proliferation	  in	  the	  developing	  rat	  brain.	  In	  Chapter	  3,	  I	  will	  discuss	  the	  contribution	  of	  NudE	  and	  NudEL	  to	  establishing	  neuronal	  polarity	  in	  the	  context	  of	  axon	  specification	  in	  vitro.	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Neurogenesis	  in	  brief	  Neocortical	   neurogenesis	   requires	   multiple	   neural	   stem	   cell	   pools	   that	  expand	   and	   generate	   the	   divergent	   progeny	   of	   the	   mature	   brain.	   Neuroepithelial	  stem	   cells,	  which	   constitute	   the	   earliest	   progenitor	   population,	   are	   seeded	   during	  the	  closing	  of	  the	  neural	  tube	  during	  early	  embryonic	  stages	  and	  thereafter	  line	  the	  walls	   of	   the	   cerebral	   ventricles.	   This	   germinal	   zone	   primarily	   propagates	   during	  early	  neurogenesis	  and	  eventually	  gives	  rise	  to	  later	  neurogenic	  progenitors	  known	  as	   radial	   glial	   progenitor	   cells	   (RGPCs).	   	   RGPCs	   replace	   the	   early	   neuroepithelial	  population	   for	   the	   remainder	   of	   neurogenesis	   while	   retaining	   some	   stem-­‐cell	  properties	   in	   addition	   to	   their	   glial	   properties.	   These	   cells	   continue	   to	   serve	   as	  neural	  progenitors	  for	  the	  production	  of	  the	  vast	  majority	  of	  neurons	  in	  the	  cortex.	  RGPCs	  are	  positioned	  proximal	  to	  the	  ventricular	  lumen,	  considered	  to	  be	  the	  apical-­‐most	  region	  in	  reference	  to	  the	  lateral	  ventricles.	  This	  region	  is	  also	  known	  as	  the	  ventricular	  zone	  (VZ).	  	  RGPCs	  undergo	  successive	  rounds	  of	  mitotic	  divisions	  at	  the	  ventricular	  surface	  to	  generate	  four	  major	  types	  of	  progeny.	  These	  include	  self-­‐renewing	   RGPCs,	   neurons,	   astrocytes	   and	   intermediate	   progenitor	   cells.	   While	  RGPCs	   continue	   to	   proliferate	   at	   the	   ventricular	   surface	   through	   symmetric	   and	  asymmetric	   divisions,	   intermediate	   progenitors,	   in	   contrast,	   undergo	   mostly	  symmetric,	  neurogenic	  divisions	  distal	  to	  the	  ventricular	  surface.	  Consequently,	  they	  are	  also	  referred	  to	  as	  basal	  progenitors.	  Both	  progenitor	  pools	  work	  in	  concert	  to	  produce	   the	  mature	  mammalian	   cerebrum	   and	   are	   required	   for	   diverse	   neuronal	  production.	  
	   	  
	   4	  
Radial	  Glial	  Progenitor	  Cells	  The	  RGPC	  is	  named	  such	  because	  of	  its	  elongated	  radial	  process	  that	  extends	  from	  its	  cell	  body	  in	  the	  VZ	  all	  the	  way	  to	  the	  pial	  surface	  of	  the	  cortical	  plate.	  Other	  terms	  commonly	  applied	  to	  the	  RGPC	  are	  neural	  progenitor	  and	  apical	  progenitor.	  Once	  thought	  to	  only	  provide	  the	  platform	  upon	  which	  neurons	  could	  migrate,	  it	  is	  now	  known	  that	   these	  cells	  are	  also	  responsible	   for	  cell	  proliferation.	  RGPCs	  were	  described	  as	  early	  as	  the	  latter	  half	  of	  the	  nineteenth	  century,	  when	  use	  of	  the	  silver	  impregnation	   technique	   developed	   by	   Camillo	   Golgi	   allowed	   for	   precise	  visualization	   of	   the	   nervous	   system.	  Golgi	  was	   the	   first	   to	   observe	   the	   long	   fibers	  emanating	  from	  the	  epithelial	  tissue	  of	  the	  chick	  embryo	  spinal	  cord.	  Based	  on	  the	  Golgi	  technique,	  several	  pioneering	  histologists	  including	  Rudolf	  Albert	  von	  Kölliker,	  Giuseppe	  Magini,	  Wilhelm	  His,	  and	  Santiago	  Ramón	  y	  Cajal	  described	  and	  illustrated	  in	   great	   detail	   the	   variety	   of	   cells	   in	   the	  multiple	   layers	   of	   the	   developing	   cortex.	  Magini	   is	  credited	  with	  first	  use	  of	  the	  term	  “radial	  glia”	  in	  describing	  the	  fibers	  in	  the	   developing	   mammalian	   cortex,	   and	   also	   made	   the	   claim	   that	   there	   were	   cell	  bodies	  positioned	  along	   these	   fibers.	  His	  made	  major	  advances	   in	   the	  study	  of	   the	  developing	  human	  cortex.	  He	  described	  the	  pseudostratified	  appearance	  of	  the	  early	  neural	  tube	  and	  propagated	  the	  idea	  that	  mitotic	  cells	  line	  the	  ventricular	  lumen	  and	  that	  cell	  migration	  occurs	  through	  the	  cortical	  layers	  (His,	  1889).	  	  Perhaps	  the	  best-­‐known	  historic	  diagrams	  of	  the	  nervous	  system	  come	  from	  the	   work	   of	   Ramón	   y	   Cajal.	   Almost	   immediately	   upon	   discovering	   the	   Golgi	  technique,	  Ramón	  y	  Cajal	  devoted	  his	   scientific	   career	   to	   the	  study	  of	   the	  nervous	  system.	   In	   1906,	   Ramón	   y	   Cajal	   and	   Golgi	   won	   the	   Nobel	   Prize	   in	   Physiology	   or	  
	   5	  
Medicine	   for	   their	   contributions	   to	   understanding	   the	   structure	   of	   the	   nervous	  system.	  Ramón	  y	  Cajal’s	  drawings	  of	   the	  cerebral	  cortex	   faithfully	  represented	   the	  major	  cell	  types,	  and	  are	  still	  used	  today	  as	  illustrative	  examples.	  He	  also	  described	  radial	  fibers	  in	  the	  chick	  embryo	  brain,	  but	  unlike	  Magini,	  he	  did	  not	  believe	  that	  the	  “varicosities”	  observed	  along	  the	  fibers	  were	  cell	  bodies.	  In	  contrast	  to	  Golgi,	  Ramón	  y	  Cajal	  was	  a	   firm	  believer	   in	  the	  contiguity,	  not	  continuity,	  of	  cells	  of	   the	  nervous	  system.	  His	   theory,	  which	   formed	   the	   basis	   of	   the	   neuron	  doctrine	   and	   still	   holds	  true	   today,	   stipulated	   that	   these	   cells	   formed	   interconnected	   networks	   and	  communicated	  with	  one	  another,	  but	  were	  independent	  units.	  Importantly,	  he	  also	  put	   forth	   the	   idea	   that	   neurons,	   as	   they	   later	   came	   to	   be	   known,	   were	   highly	  polarized	  cells	  that	  relayed	  information	  through	  their	  axons.	  Advances	   in	   scientific	   technology	   allowed	   for	   further	   discoveries	   regarding	  the	   nature	   of	   RGPCs	   and	   cortical	   development.	   The	   use	   of	   tritiated	   thymidine	   to	  permanently	   label	   dividing	   cells	   in	   the	   mouse	   cortex	   finally	   confirmed	   what	   had	  long	   been	   suspected	   –	   that	   the	   development	   of	   the	   cortex	   did	   indeed	   follow	   an	  “inside-­‐out”	  pattern	  of	  development,	  as	  newly	  born	  neurons	  bypassed	  older	  cells	  in	  deeper	  layers	  (Angevine	  and	  Sidman,	  1961).	  With	   respect	   to	   neuronal	  migration,	   one	   idea	   put	   forth	  was	   that	   the	   RGPC	  was	  mitotically	  active	  at	  the	  ventricular	  surface,	  but	  that	  after	  mitosis,	  the	  daughter	  nucleus	  migrated	  upward	  within	  the	  radial	  process,	  separating	  from	  the	  parent	  cell	  after	   reaching	   its	   position	   in	   the	   cortex	   (Berry	   and	   Rogers,	   1965).	   An	   alternative	  model,	  which	  has	  proved	   to	  hold	   true,	  was	   that	   the	  newly	  born	  neuron	   separated	  from	  the	  mother	  cell	  and	  utilized	  the	  glial	  fiber	  as	  a	  scaffold	  upon	  which	  to	  migrate	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(Rakic,	  1972).	  Using	  electron	  microscopy,	  it	  was	  possible	  to	  view	  migrating	  neurons	  in	  close	  association	  with	  RGPC	  processes.	  However,	  the	  fact	  that	  RGPCs	  were	  in	  fact	  the	  precursors	  of	  these	  neurons	  could	  not	  yet	  be	  ascertained.	  The	  proliferative	  nature	  of	  RGPCs,	  and	  their	  ability	   to	  produce	  multiple	  cell	  types,	  had	   first	  been	  suggested	  as	  early	  as	   the	   late	  1800s.	  His	   felt	   that	   there	  were	  distinct	  progenitor	  cell	  types	  in	  the	  developing	  nervous	  system,	  and	  that	  the	  round,	  mitotic	   cells	   gave	   rise	   to	   neurons,	   while	   the	   long	   radial	   cells	   produced	   glia	   (His,	  1889).	   An	   opposing	   view	  was	   that	  mitotic	   cells	   in	   the	   developing	  nervous	   system	  and	  RGPCs	  were	  in	  fact	  the	  same	  cell	  type	  at	  different	  cell	  cycle	  stages,	  and	  that	  they	  gave	   rise	   to	   both	   neurons	   and	   glia	   (Schaper,	   1897).	   This	  was	   confirmed,	   albeit	   in	  
vitro,	   over	   a	   century	   later,	   when	   FACS	   isolation	   of	   RGPCs	   followed	   by	   primary	  culturing	  allowed	  for	  the	  determination	  that	  RGPCs	  could	  give	  rise	  to	  neurons	  and	  astrocytes	  (Malatesta	  et	  al.,	  2000).	  It	  was	  not	  until	  quite	  recently	  that	  direct	  in	  vivo	  evidence	  provided	  confirmation	  that	  neurons	  arise	  from	  RGPCs	  (Noctor	  et	  al.,	  2001).	  With	   the	   advent	   of	   in	   utero	   electroporation	   techniques	   and	   live-­‐cell	   time-­‐lapse	  microscopy,	   it	   was	   possible	   to	   fluorescently	   label	   the	   RGPCs	   and	   subsequently	  observe	  their	  behavior	  and	  that	  of	  their	  progeny.	  It	  was	  observed	  that	  RGPCs	  were	  in	   fact	   the	   progenitors	   for	   cortical	   neurons,	   and	   that	   newborn	   neurons	   migrated	  along	  the	  radial	  process	  (Noctor	  et	  al.,	  2001).	  
Interkinetic	  Nuclear	  Migration	  One	  of	  the	  hallmarks	  of	  vertebrate	  neocortical	  development	  is	  the	  cell	  cycle	  linked	   process	   of	   interkinetic	   nuclear	   migration	   (INM),	   whereby	   RGPCs	   in	   the	  ventricular	   zone	  undergo	  a	   characteristic	  movement	  of	   their	  nuclei	   in	   a	  basal	   and	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apical	  direction	  (Fig.	  1-­‐1).	  Basal	  migration	  occurs	  in	  G1,	  followed	  by	  a	  brief	  pause	  in	  S	   phase	   at	   the	   boundary	   of	   the	   ventricular	   zone,	   after	   which	   G2	   occurs	   as	   the	  nucleus	   moves	   apically	   toward	   the	   ventricular	   surface,	   where	   mitosis	   occurs.	  Divisions	  can	  be	  symmetric,	  resulting	  in	  two	  RGPCs,	  or	  asymmetric,	   leading	  to	  one	  RGPC	  and	  either	  a	  post	  mitotic	  neuron	  or	   intermediate	  progenitor.	  Following	   INM	  and	  mitosis,	  RGPCs	  continue	  this	  cycle,	  while	  post	  mitotic	  neurons	  migrate	  away	  to	  higher	  regions	  of	  the	  cortex.	  Intermediate	  progenitors	  undergo	  subsequent	  division	  in	  the	  subventricular	  zone	  (SVZ).	  The	   process	   of	   INM	   was	   first	   described	   by	   Sauer	   in	   1935	   in	   a	   seminal	  publication	   describing	   cell	   cycle	   events	   in	   the	   chick	   and	   pig	   neural	   tube	   (Sauer,	  1935).	   The	   pseudostratified	   appearance	   of	   the	   neural	   tube	   had	   previously	   been	  characterized,	   and	   the	   prevailing	   thought	   in	   the	   field	   was	   that	   the	   neural	   tube	  comprised	   two	   cell	   types	   –	   round	   mitotic	   cells	   lining	   the	   lumen,	   and	   radially	  arranged	  columnar	  cells	  described	  as	   spongioblasts	   (His,	  1889).	   	   Sauer	   contended	  that	   the	  pseudostratified	  appearance	  of	   the	  neural	   tube	  could	  be	  accounted	   for	  by	  the	  “interkinetic”	  migration	  of	   the	  same	  cell	   toward	  the	   lumen	  before	  mitosis,	  and	  away	  from	  the	   lumen	  after	  mitosis,	  as	  opposed	  to	  consisting	  of	  different	  cell	   types	  altogether	   (Sauer,	   1935).	   He	   took	   detailed	   measurements	   of	   nuclear	   distances	   of	  cells	  in	  relation	  to	  the	  lumen,	  and	  correlated	  them	  with	  changes	  in	  nuclear	  size	  and	  morphology	   (Sauer,	   1935).	   His	   data	   suggested	   that	   unless	   one	   included	   the	   non	  mitotic	   cells	   away	   from	   the	   lumen	   as	   part	   of	   the	   same	   cycling	   population,	   the	  complete	  series	  of	  cell	  cycle	  changes	  could	  not	  be	  accounted	  for	  (Sauer,	  1935).	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Figure	   1-­‐1.	   Interkinetic	   nuclear	   migration	   and	   cell	   cycle.	   Dynein	   regulates	  downward	  nuclear	  movement	  toward	  the	  apical	  surface	  during	  G2.	  Mitosis	  occurs	  at	  the	  ventricular	  surface	  and	  KIF1A	  drives	  upward,	  basal	  migration.	  S	  phase	  occurs	  at	   the	   basal	   most	   position	   occupied	   by	   radial	   progenitor	   nuclei,	   in	   the	   VZ/SVZ	  boundary.	  Except	  for	  during	  mitosis,	  the	  centrosome	  is	  positioned	  in	  the	  apical	  end-­‐foot	   and	  microtubules	   emanate	   from	   here	   with	   their	   plus	   ends	   organized	   in	   the	  basal	  direction.	  Figure	  reproduced	  from	  Tsai	  et	  al.,	  2010. 
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Sauer’s	   observations	   were	   not	   widely	   accepted	   or	   included	   in	   textbook	  models	  of	  neurodevelopment	  until	  almost	  a	  quarter	  century	  later,	  when	  his	  widow,	  also	  a	  prominent	  scientist,	  published	  studies	  on	  INM	  where	  she	  directly	  measured	  DNA	   content	   of	   variously	   positioned	   cells	   in	   the	   neural	   tube.	   She	   used	   tritiated	  thymidine	  and	  radioautography	   to	  demonstrate	   that	  DNA	  synthesis	  was	  occurring	  in	   basally	   positioned	   nuclei	   and	   not	   in	   the	   nuclei	   lining	   the	   lumen	   (Sauer	   and	  Chittenden,	   1959;	   Sauer	   and	  Walker,	   1959).	   Her	   results	   confirmed	   that	   cell	   cycle	  related	  events	  were	  occurring	  in	  nuclei	  located	  away	  from	  the	  surface	  of	  the	  lumen,	  and	  that	   these	  cells	  were	   in	   fact	   the	  “interkinetic”	  stages	  of	   the	  mitotic	  cells	  at	   the	  lumen.	  Early	  theories	  regarding	  the	  role	  of	  INM	  suggested	  that	  moving	  nuclei	  basally	  and	   apically	   allows	   for	   a	   greater	   number	   of	   cells	   to	   contact	   the	   otherwise	   limited	  area	   of	   the	   ventricular	   surface,	   where	   they	   could	   enter	   mitosis.	   More	   recent	  evidence	  suggests	   that	   INM	  exposes	  cells	   to	  differential	  gradients	  of	   signals	   in	   the	  VZ,	  and	  that	  these	  signals	  ultimately	  determine	  proliferation	  and	  cell	  fate	  (Del	  Bene	  et	  al.,	  2008).	  While	  there	  is	  an	  obvious	  coupling	  between	  INM	  and	  cell	  cycle,	  it	  is	  less	  clear	  whether	   these	   two	   processes	   can	   proceed	   independently	   of	   one	   another,	   or	   how	  they	  serve	  to	  regulate	  each	  other.	  An	  early	  study	  using	  Cytochalasin	  B	  to	  inhibit	  INM	  showed	   that	   mitotic	   cells	   were	   aberrantly	   positioned	   throughout	   the	   neural	  epithelium	   instead	   of	   being	   restricted	   to	   the	   apical	   surface	   (Messier	   and	   Auclair,	  1974).	  This	  implied	  that	  mitosis	  could	  occur	  in	  the	  absence	  of	  INM.	  Conversely,	  the	  use	  of	   chemical	   cell	   cycle	   inhibitors	  arrested	  RGPCs	   in	   the	  VZ,	   suggesting	   that	   cell	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cycle	  regulators	  also	  control	  INM	  (Ueno	  et	  al.,	  2006).	  A	  very	  recent	  study	  provided	  a	  molecular	   explanation	   for	   the	   link	  between	   cell	   cycle	   and	   INM,	   showing	   that	   after	  RGPCs	  transition	  to	  G2,	  Tpx2,	  a	  microtubule	  associated	  protein,	  redistributes	   from	  the	   nucleus	   to	   the	   apical	   process	   and	   regulates	   apical	   INM	   through	   its	   effect	   on	  microtubules	  (Kosodo	  et	  al.,	  2011).	  It	   is	   conceivable	   that	   a	   large	   cellular	   structure	   such	   as	   the	   nucleus	   would	  require	   immense	   forces	   working	   in	   concert	   to	   drive	   upward	   and	   downward	  movement	   through	   cortical	   tissue.	   Work	   from	   our	   lab	   has	   determined	   that	   this	  movement	   is	  under	   the	   control	   of	   two	  oppositely	  directed	  motor	  proteins,	   dynein	  and	  kinesin	  (Fig.	  1-­‐1)	   (Tsai	  et	  al.,	  2005;	  2007;	  2010).	  During	   INM,	   the	  centrosome	  remains	  anchored	  at	  the	  apical	  end-­‐foot	  of	  the	  neural	  progenitor.	  Microtubules	  are	  organized	   from	   the	   centrosome	  with	   their	   plus	   ends	   directed	   basally.	   Dynein,	   the	  main	   minus-­‐end	   directed	   microtubule	   motor,	   along	   with	   its	   regulator	   LIS1,	   is	  responsible	   for	   the	   minus-­‐end	   apical	   movement	   of	   the	   nucleus	   toward	   the	  ventricular	  surface,	  while	  the	  unconventional	  kinesin	  Kif1a	  controls	  plus-­‐end	  basal	  movement.	  Other	  models	  have	  suggested	  that	  actomyosin	  forces	  drive	  INM,	  or	  that	  nuclear	   movement	   in	   the	   basal	   direction	   occurs	   passively	   (Norden	   et	   al.,	   2009;	  Kosodo	  et	  al.,	  2011).	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Multipolar	  cell	  stage	  	   Following	   mitosis	   at	   the	   ventricular	   surface,	   newly	   born	   post-­‐mitotic	  neurons	  migrate	   into	   the	   SVZ	   and	   IZ,	  where	   they	   adopt	   a	  multipolar	  morphology	  before	   transitioning	   into	   bipolar	   neurons.	   Initially,	   multipolar	   cells	   in	   the	   SVZ/IZ	  appear	  to	  be	  oriented	  tangentially,	  perhaps	  because	  they	  are	  aligned	  with	  tangential	  axon	  fibers.	  These	  neurons	  put	  out	  and	  retract	  dynamic	  processes,	  often	  while	  their	  cell	  bodies	  continue	  to	  move	  slowly	  (Tabata	  and	  Nakajima,	  2003).	  Somal	  movement	  of	  these	  multipolar	  cells	  can	  occur	  in	  different	  directions,	  including	  toward	  the	  pial	  surface	  and	  tangentially	  (Tabata	  and	  Nakajima,	  2003).	  It	  is	  not	  clear	  what	  guidance	  cues	  are	  responsible	  for	  this	  type	  of	  migration,	  but	   it	   is	  possible	  that	  dense	  axonal	  fibers	   in	   this	   region	   serve	   as	   scaffolds	   for	   somal	   movement.	   Since	   this	   type	   of	  movement	  appears	  to	  be	  distinct	  from	  other	  forms	  of	  migration,	  namely,	  locomotion	  and	  translocation,	  it	  is	  sometimes	  referred	  to	  as	  multipolar	  migration.	  	   While	  undergoing	  dynamic	  process	  extension	  and	  retraction,	  the	  multipolar	  cell	  puts	  out	  a	  long	  tangential	  axon	  in	  the	  IZ,	  and	  the	  remaining	  multiple	  extensions	  appear	   to	   coalesce,	   forming	   a	   thick	   leading	   process	   that	   is	   apically	   directed.	   This	  completes	  the	  transition	  of	  the	  multipolar	  cell	  to	  a	  bipolar	  migratory	  neuron.	  Many	  factors	   have	   been	   identified	   that	   control	   the	   multipolar	   to	   bipolar	   transition	   of	  neurons	  in	  the	  SVZ/IZ,	  including	  LIS1,	  DCX,	  and	  Cdk5	  (Ohshima	  et	  al.,	  2007).	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Bipolar	  migratory	  neuron	  	   Once	   a	   neuron	   has	   adopted	   the	   bipolar	  morphology	   characteristic	   of	   post-­‐mitotic	  migratory	  neurons,	  it	  commences	  its	  upward	  locomotion	  to	  its	  final	  position	  in	  the	  cortical	  plate.	  A	  characteristic	  swelling	  forms	  in	  the	  leading	  process	  ahead	  of	  the	  nucleus.	  Dynein	  is	  known	  to	  be	  localized	  in	  this	  swelling,	  from	  where	  it	  pulls	  on	  microtubules	  emanating	  from	  the	  centrosome,	  which	  lies	  between	  the	  swelling	  and	  the	   nucleus	   (Fig.	   1-­‐2)	   (Tsai	   et	   al.,	   2007).	   The	   centrosome	   moves	   forward	   in	   the	  leading	  process	  at	  a	  relatively	  constant	  rate	  and	   is	   followed	  by	   the	  nucleus,	  which	  migrates	   in	   a	   saltatory	   manner.	   Actomyosin	   forces	   are	   also	   involved	   in	   nuclear	  movement	  by	  pushing	   the	  nucleus	   forward	  during	  migration.	   Inhibition	  of	  myosin	  by	   blebbistatin	   or	   RNAi	   abolished	   nuclear	   movement	   but	   left	   centrosomal	  movement	  unaffected	  (Tsai	  et	  al.,	  2007).	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Figure	   1-­‐2.	   Bipolar	   neuronal	   migration.	   (a)	   A	   swelling	   forms	   in	   the	   leading	  process	   ahead	   of	   the	   centrosome	   and	   nucleus,	   in	   which	   dynein	   is	   known	   to	  accumulate.	  (b)	  Dynein	  pulls	  on	  microtubules	  from	  within	  the	  swelling,	  causing	  the	  centrosome	   to	  move	   forward.	   (c)	  The	  nucleus	   follows,	   aided	   by	   nuclear	   envelope	  associated	  dynein	  and	  (d)	  myosin	  forces	  from	  the	  rear.	  Microtubules	  emanate	  from	  the	  centrosome.	  Figure	  reproduced	  from	  Tsai	  et	  al.,	  2007. 
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Dysfunction	  and	  disease	  Defects	   in	   the	   normal	   regulation	   of	   proliferation,	   migration,	   and	  differentiation	   of	   neurons	   are	   known	   to	   cause	   a	   host	   of	   neurodevelopmental	  diseases.	   These	   range	   from	   incredibly	   severe	   and	   debilitating	   microcephaly,	  lissencephaly,	  and	  mental	   retardation,	   to	  more	  subtle	  defects	   in	  neuronal	   function	  that	   lead	   to	   conditions	   such	   as	   epilepsy,	   schizophrenia,	   autism	   and	   dyslexia.	   The	  roles	   of	   several	   genes	   are	   well	   documented	   in	   neurodevelopmental	   disease	  pathology.	   For	   example,	   LIS1	   mutations	   are	   responsible	   for	   classic	   (type	   I)	  lissencephaly,	  or	  “smooth	  brain”	  disease,	   in	  which	  the	  normal	  gyri	  and	  sulci	  of	   the	  cortex	  are	  absent.	  This	  results	  from	  aberrant	  neuronal	  migration,	  whereby	  neurons	  are	  unable	  to	  reach	  their	  ultimate	  positions	  in	  the	  cortical	  plate,	  hence	  reducing	  the	  surface	  area	  and	  disrupting	  the	  architecture	  of	  the	  cortex.	  LIS1	  is	  a	  critical	  regulator	  of	  cytoplasmic	  dynein,	  and	  through	  LIS1,	  a	  role	  for	  dynein	  in	  neuronal	  migration	  has	  been	  identified.	  Microcephaly	  is	  a	  disease	  characterized	  by	  small	  brain	  size,	  corresponding	  to	  a	   reduction	   in	   the	   number	   of	   neurons.	   The	   cerebral	   cortex	   is	   most	   prominently	  affected,	  with	  thinner	  superficial	  layers	  in	  spite	  of	  normal	  lamination.	  Recent	  studies	  have	   implicated	   a	   number	   of	   genes	   in	   this	   condition,	   including	   Nde1,	  
microcephalin/BRIT1,	  CDK5RAP2/Cep215,	  ASPM,	  CENPJ/CPAP,	  SIL/STIL,	  and	  WDR62	  (Thornton	  and	  Woods,	  2009;	  Kaindl	  et	  al.,	  2010;	  Alkuraya	  et	  al.,	  2011;	  Bakircioglu	  et	  al.,	  2011).	   	   	  Almost	  all	  of	  these	  genes	  are	  associated	  with	  centrosome	  function	  and	  mitosis,	  suggesting	   that	  errors	   in	  neural	  progenitor	  cell	  proliferation	  contribute	   to	  disease	   pathology.	   For	   example,	   microcephalin,	   in	   addition	   to	   its	   role	   in	   DNA	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damage	  repair	  and	  cell	  cycle	  checkpoint,	  has	  been	  shown	  to	  control	  mitotic	  spindle	  orientation	  in	  neural	  progenitors	  by	  influencing	  centrosome	  maturation	  (Gruber	  et	  al.,	   2011).	   Spindle	   orientation	   defects	   can	   affect	   the	  maintenance	   of	   the	   stem	   cell	  pool	   since	   cleavage	   plane	   orientation	   determines	   inheritance	   of	   stem	   cell	   factors.	  Mutations	  in	  ASPM,	  which	  account	  for	  approximately	  50%	  of	  reported	  microcephaly	  cases,	   result	   in	   aberrant	   spindle	   formation,	   loss	   of	   symmetric	   divisions	   and	   a	  concomitant	   loss	   of	   the	   progenitor	   pool,	   in	   addition	   to	   ineffective	   microtubule	  nucleation	  by	  the	  centrosome	  (Thornton	  and	  Woods,	  2009;	  Kaindl	  et	  al.,	  2010).	  
Molecular	  motors	  and	  neurodevelopment	  There	   are	   three	   major	   classes	   of	   cytoskeletal	   motors	   that	   carry	   out	  specialized	   cellular	   functions.	   Dynein	   and	   kinesin	   are	   microtubule	   motors,	   while	  myosin	   associates	   with	   actin.	   Molecular	   motors	   have	   several	   well-­‐characterized	  roles	   in	  neurodevelopment.	  Most	  obvious	   is	   their	   role	   in	   transporting	   cargo	  along	  lengthy	   axons,	   some	   of	   which	   are	   over	   a	   meter	   long.	   Because	   of	   their	   ability	   to	  generate	  and	  sustain	  force,	  molecular	  motors	  are	  responsible	  for	  critical	  aspects	  of	  neurodevelopment	   including	   axon	   formation,	   growth	   cone	   dynamics,	   cell	   and	  nuclear	  migration,	  stem	  cell	  maintenance,	  and	  proliferation.	  	  
Dynein	  Dynein	   is	   the	  major	  minus	   end	  directed	  motor	   in	   cells.	   Comprising	   several	  subunits,	   this	  1200	  KDa	  complex	  is	   involved	  in	  a	  vast	  and	  diverse	  array	  of	  cellular	  functions	   including	   vesicular	   trafficking,	   cell	   and	   nuclear	   migration,	   mitosis,	   and	  axonogenesis.	  Unlike	   the	  kinesin	   family	  of	  plus	  end	  motors,	  which	  comprise	  about	  45	  genes,	  dynein	  exists	  in	  predominantly	  one	  form	  to	  carry	  out	  minus	  end	  transport	  
	   16	  
and	  perform	  other	  roles	  in	  the	  cytoplasm.	  For	  one	  motor	  to	  be	  responsible	  for	  such	  a	   multitude	   of	   functions	   requires	   a	   high	   level	   of	   regulation.	   This	   regulation	   is	  achieved	   by	   modulating	   dynein	   subunit	   interactions	   and	   a	   number	   of	   different	  binding	  partners.	  The	   dynein	   complex	   is	   a	   homodimer	   of	   two	   heavy	   chains,	   along	   with	   its	  subunits	   –	   light	   intermediate	   chains,	   intermediate	   chains,	   and	   light	   chains.	   The	  heavy	   chain	   has	   a	   carboxy-­‐terminal	   motor	   domain	   and	   an	   amino-­‐terminal	   tail	  region.	  The	  motor	  domain	   is	  made	  of	   a	   ring	   like	   structure	  of	   six	  AAA	  domains,	   of	  which	  AAA1	  is	  the	  main	  site	  of	  ATP	  hydrolysis.	  Extending	  off	  of	  the	  ring	  after	  AAA4	  is	   an	   anti-­‐parallel	   coiled-­‐coil	  with	   a	   globular	  head	   that	   serves	   as	   the	  microtubule-­‐binding	  domain	  of	  the	  dynein	  complex.	  The	  subunits	  interact	  with	  the	  heavy	  chain	  within	  the	  tail	  region.	  Dynein	   is	   regulated	   by	   a	   number	   of	   different	   binding	   partners,	   notably,	  dynactin,	   LIS1,	   NudE	   and	   NudEL.	   Dynactin	   is	   also	   a	   large	   complex	   with	   several	  subunits	   and	   is	   involved	   in	   most	   of	   dynein’s	   functions.	   It	   has	   roles	   in	   cargo	  recruitment,	  dynein	  processivity,	  and	  targeting	  of	  dynein	  to	  specific	  locations	  within	  the	  cell.	  LIS1	  is	  critical	  to	  many	  of	  dynein’s	  functions,	  and	  is	  particularly	  well	  known	  for	   its	   role	   in	   neuronal	   development.	   NudE	   and	  NudEL	   interact	  with	   both	   dynein	  and	   LIS1	   and	   are	   involved	   in	   their	   recruitment	   to	   specific	   cellular	   targets.	   In	  addition,	   NudE	   and	   NudEL	   recruit	   LIS1	   to	   dynein,	   and	   together,	   the	   tri-­‐protein	  complex	  allows	  dynein	  to	  function	  as	  a	  persistent,	  high-­‐load	  motor.	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LIS1	  	   The	   LIS1	   gene	   has	   been	   implicated	   in	   classic	   lissencephaly	   (Reiner	   et	   al.,	  1993).	   The	   mechanism	   of	   LIS1	   function	   in	   neuronal	   migration	   has	   been	   studied	  extensively.	   Work	   from	   our	   lab	   has	   shown	   that	   LIS1	   RNAi	   delivered	   via	   in	   utero	  electroporation	   results	   in	   defects	   at	   a	   number	   of	   critical	   stages	   of	   neuronal	  development	  (Tsai	  et	  al.,	  2005).	  Specifically,	  cells	  were	  blocked	  in	  INM,	  multipolar	  to	  bipolar	   transition,	   and	   radial	   migration	   (Tsai	   et	   al.,	   2005).	   No	   divisions	   were	  observed	  at	  the	  ventricular	  surface,	  and	  there	  was	  a	  marked	  reduction	  in	  the	  mitotic	  index	  of	   the	  VZ/SVZ	   region	   (Tsai	   et	   al.,	   2005).	  Unlike	   control	   electroporated	   cells,	  which	   underwent	   normal	   development	   and	   migration	   into	   the	   cortical	   plate,	   the	  majority	   of	   LIS1	   RNAi	   transfected	   cells	   were	   arrested	   in	   the	   VZ/SVZ	   (Tsai	   et	   al.,	  2005).	  Further	  study	  revealed	  that	  in	  migrating	  neural	  precursors,	  LIS1	  and	  dynein	  are	  responsible	  for	  the	  forward	  movement	  of	  both	  the	  centrosome	  and	  the	  nucleus	  (Tsai	  et	  al.,	  2007).	  The	  underlying	  mechanisms	  behind	  LIS1	  assisted	  dynein	  function	  in	   cortical	   development	   shed	   light	   on	   the	   pathology	   behind	   classic	   lissencephaly,	  elucidating	   the	   molecular	   mechanism	   responsible	   for	   aberrant	   redistribution	   of	  neurons	  in	  the	  lissencephalic	  cortex.	  
NudE	  and	  NudEL	  NudE	  and	  NudEL	  are	   functionally	   related	  paralogs	   that	   serve	   in	   the	  dynein	  pathway.	   The	   two	   proteins	   share	   approximately	   55%	   identity,	   with	   the	   highest	  levels	  of	   identity	  occurring	   in	   the	  amino-­‐terminal	  coiled-­‐coil	   region	  (~70%)	  and	  a	  span	  of	  approximately	  35	  amino	  acids	  within	  the	  carboxy-­‐terminal	  region	  (~95%).	  Both	  have	  a	  multitude	  of	  binding	  partners,	   including	  dynein,	  LIS1,	  14-­‐3-­‐3ε,	  DISC1,	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LEK1,	   p78/MCRSI,	   Su48,	   TACC3,	   Cenp-­‐F,	   Cdc42GAP,	   PDE4D3,	   and	  utrophin/dystrophin,	  although	  not	  all	  of	  these	  proteins	  have	  been	  shown	  to	  interact	  with	  both	  NudE	  and	  NudEL.	  Just	  outside	  the	  carboxy-­‐terminal	  end	  of	  the	  coiled-­‐coil	  lie	   several	   phosphorylation	   sites	   that	   are	   critical	   in	   regulating	   NudE	   and	   NudEL	  interactions	  with	  other	  proteins.	  Among	  the	  kinases	  identified	  as	  being	  responsible	  for	   NudE	   and	   NudEL	   phosphorylation	   are	   Cdc2/Cdk1,	   Aurora	   A,	   PKA,	   Cdk5,	   and	  Erk1/2.	  Again,	   it	   is	  unclear	  whether	  all	  of	   these	  kinases	  phosphorylate	  both	  NudE	  and	  NudEL	   in	  vivo,	  or	  whether	  differential	  phosphorylation	  may	  be	  responsible	  for	  unique	  roles	  served	  by	  NudE	  and	  NudEL.	  A	   NudE/EL	   homolog	   was	   originally	   found	   in	   a	   screen	   for	   mitotic	  phosphoproteins	   in	   Xenopus	   laevis	   embryos,	   in	   which	   a	   protein	   given	   the	   name	  MP43	  was	   identified	   as	   a	   Cdc2	   substrate	   (Stukenberg	   et	   al.,	   1997).	   	  However,	   the	  structure	   or	   function	   of	   this	   protein	   remained	   unknown.	   Subsequently,	   the	  
Aspergillus	   nidulans	   nudE	   gene	   was	   found	   to	   be	   a	   multicopy	   suppressor	   of	   a	  mutation	   in	   the	   nudF	   gene.	   NUDF	   is	   the	   A.	   nidulans	   homolog	   of	   LIS1,	   which	   was	  known	   to	   be	   involved	   in	   neuronal	   migration	   and	   lissencephaly.	   The	   nudE	   gene	  information	  was	  deposited	  in	  GenBank	  in	  1998,	  two	  years	  before	  the	  publication	  of	  the	  full	  report	  	  (Efimov	  and	  Morris,	  2000).	  In	  the	  mean	  time,	  another	  group	  showed	  that	   the	  Neurospora	  crassa	  RO11	  protein	  was	   involved	   in	  nuclear	  distribution	  and	  was	  strongly	  predicted	  to	  form	  an	  amino-­‐terminal	  coiled-­‐coil	  that	  shared	  significant	  sequence	  homology	  with	  X.	  laevis,	  mouse,	  and	  human	  MP43	  and	  A.	  nidulans	  NUDE	  (Minke	  et	  al.,	  1999).	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A	  clear	  link	  between	  NudE	  and	  the	  dynein	  pathway	  was	  established	  with	  the	  publication	  of	   the	  A.	  nidulans	   study	   in	  which	  multiple	  copies	  of	  nudE	  were	  able	   to	  suppress	   the	   nuclear	   distribution	   defect	   observed	   in	   the	   nudF	   mutant	   and	   also	  partially	   suppress	  a	  dynein	  heavy	  chain	  mutant	   (Efimov	  and	  Morris,	  2000).	  When	  overexpressed,	   it	   was	   found	   that	   the	   highly	   conserved	   coiled-­‐coil	   region	   of	   NudE	  was	   sufficient	   to	   complement	   a	   nudE	   deletion	   and	   the	   nudF	   mutation,	   suggesting	  that	   at	   least	   in	   the	   A.	   nidulans	   system,	   the	   coiled-­‐coil	   region	   was	   sufficient	   for	  protein	  function.	  The	  authors	  used	  a	  yeast	  two-­‐hybrid	  system	  to	  show	  an	  interaction	  between	  NudF	   and	   the	   predicted	   amino-­‐terminal	   coiled-­‐coil	   of	   NudE,	   in	   addition	   to	  demonstrating	  an	   interaction	  between	  human	  LIS1	  and	  NudE	  (Efimov	  and	  Morris,	  2000).	  A.	  nidulans	   protein	   extracts	  were	   used	   to	   strengthen	   this	   data	   by	   showing	  that	  NudE	  and	  NudF	  co-­‐immunoprecipitated.	  The	   first	   evidence	   to	   suggest	   a	   role	   for	   NudE	   in	   neuronal	   migration	   came	  with	   the	   discovery	   that	   LIS1	   point	   mutations	   known	   to	   cause	   lissencephaly	  completely	   abolished	   the	   interaction	   between	   LIS1	   and	   mouse	   NudE,	   suggesting	  that	  this	  interaction	  is	  important	  for	  normal	  brain	  development	  (Feng	  et	  al.,	  2000).	  In	   addition,	   it	   was	   shown	   that	   blocking	   the	   MP43-­‐LIS1	   interaction	   by	  overexpressing	  dominant	  negative	  mouse	  NudE	  resulted	  in	  CNS	  lamination	  defects	  in	  X.	   laevis	   (Feng	   et	   al.,	   2000).	   The	   authors	   also	   identified	  NudE	   as	   a	   centrosomal	  protein	   that	   interacts	   with	   several	   other	   centrosomal	   components,	   including	   γ-­‐tubulin,	  pericentrin,	  mitosin,	  CEP110,	  TCP-­‐1,	  SLAP,	  and	  dynein	  light	  chain.	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NudEL,	  or	  NudE-­‐like,	  was	  identified	  after	  NudE	  as	  a	  Cdk5	  substrate	  that	  also	  interacts	  with	  LIS1	  and	  dynein	   (Niethammer	  et	   al.,	   2000;	   Sasaki	   et	   al.,	   2000).	  The	  expression	   of	   NudEL	   as	   evaluated	   by	   Western	   blotting	   using	   an	   antibody	   raised	  against	  the	  carboxy-­‐terminal	  region	  of	  NudEL	  showed	  that	  it	  is	  highly	  expressed	  in	  adult	  mouse	  brain	  and	  testes	  (Niethammer	  et	  al.,	  2000).	  In	  the	  brain,	  NudEL	  is	  not	  detectable	   at	   E11,	   but	   is	   present	   at	   E17	   and	  has	   a	   peak	   at	   P5,	  when	   considerable	  neuronal	  migration	  is	  occurring	  (Niethammer	  et	  al.,	  2000).	  Immunostaining	  reveals	  that	   NudEL	   is	   highly	   expressed	   in	   the	   IZ	   of	   E16	  mouse	   brain	   (Niethammer	   et	   al.,	  2000).	   NudEL	   is	   still	   detectable	   in	   adult	   mouse	   brain,	   but	   at	   much	   lower	   levels	  (Niethammer	  et	  al.,	  2000).	  Expression	  profiles	  of	  NudE	  and	  NudEL	  provide	  some	  clues	  regarding	   their	  function.	  NudE	  is	  ubiquitously	  expressed	  during	  development	  in	  mouse,	  with	  a	  peak	  around	  E11	  and	  a	  decrease	  by	  E15	  (Feng	  et	  al.,	  2000).	  The	  kidney	  and	  spleen	  have	  relatively	  higher	  expression	  than	  other	  tissues.	   	  In	  situ	  hybridization	  shows	  that	   in	  the	  brain,	  highest	  expression	  is	  found	  in	  the	  VZ,	  which	  is	  rich	  in	  proliferative	  neural	  progenitors	  (Feng	  et	  al.,	  2000).	  Even	  after	  global	  NudE	  levels	  decrease	  after	  E15,	  it	  is	  detectable	  in	  the	  cortex	  (Feng	  et	  al.,	  2000).	  	  NudE	  and	  NudEL	  retain	  several	  overlapping	  functions	  as	  evidenced	  by	  their	  high	   level	   of	   homology,	   subcellular	   colocalization,	   shared	   binding	   partners,	   and	  known	  roles	  in	  mitosis,	  intracellular	  trafficking	  and	  nuclear	  and	  cell	  migration.	  Both	  NudE	  and	  NudEL	  localize	  to	  the	  centrosome,	  where	  they	  are	  thought	  to	  be	  involved	  in	   centrosome	   duplication,	  maturation,	   and	  microtubule	   organization	   (Feng	   et	   al.,	  2000;	  Niethammer	  et	  al.,	  2000;	  Feng	  and	  Walsh,	  2004;	  Mori	  et	  al.,	  2007).	  They	  also	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share	   kinetochore	   localization.	   CENP-­‐F	   recruits	   both	   NudE	   and	   NudEL	   to	   the	  kinetochore,	   where	   they	   arrive	   earlier	   than	   dynein,	   dynactin,	   LIS1,	   and	   ZW10	  (Stehman	   et	   al.,	   2007;	   Vergnolle	   and	  Taylor,	   2007).	   Inhibition	   of	  NudE/EL	   causes	  mitotic	  defects	  resulting	  in	  metaphase	  arrest	  (Stehman	  et	  al.,	  2007).	  
Regulation	  of	  NudE	  and	  NudEL	  NudE	  and	  NudEL	  phosphorylation	  remains	  a	  complex	  issue	  in	  understanding	  dynein	   regulation.	   It	   has	   been	   suggested	   that	   NudEL	   phosphorylation	   by	   Cdk5	   is	  important	   for	   normal	   brain	   development	   (Toyo-­‐Oka	   et	   al.,	   2003).	   Miller-­‐Dieker	  Syndrome,	   an	   extreme	   form	   of	   lissencephaly	   with	   additional	   craniofacial	   defects,	  results	  from	  deletions	  of	  human	  chromosome	  17p13.3	  which	  carries	  both	  the	  genes	  encoding	   LIS1	   and	   14-­‐3-­‐3ε.	   14-­‐3-­‐3ε	   was	   shown	   to	   bind	   NudEL	   and	   presumably	  maintain	   its	   phosphorylation	   state,	   thereby	   stabilizing	   it	   and	   enhancing	   its	  interaction	   with	   dynein,	   although	   this	   was	   not	   shown	   directly	   (Toyo-­‐Oka	   et	   al.,	  2003).	   In	   fact,	   it	  was	   subsequently	   shown	   that	   phosphorylated	  NudEL	  bound	   less	  dynein	  in	  vitro	  (Hebbar	  et	  al.,	  2008).	  Conversely,	  NudEL	  phosphorylation	  has	  been	  shown	  to	  enhance	  its	  binding	  to	  LIS1	  (Yan	  et	  al.,	  2003;	  Hebbar	  et	  al.,	  2008).	  Another	  complicating	   result	   is	   that	   overexpression	   of	   a	   NudEL	   construct	   that	   cannot	   be	  phosphorylated	  significantly	  reduced	  the	  amount	  of	  both	  dynein	  and	  LIS1	  present	  at	  the	   nuclear	   envelope	   (Hebbar	   et	   al.,	   2008).	   Hence,	   while	   it	   is	   clear	   that	   NudEL	  phosphorylation	   impacts	   its	   binding	   to	   other	   proteins,	   it	   is	   likely	   that	  phosphorylation	  at	  specific	  sites	  by	  various	  kinases	  has	  differential	  effects	  on	  such	  interactions.	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During	  mitosis,	  Aurora	  A	  phosphorylated	  NudEL	  was	  shown	  to	  be	  required	  for	   centrosome	   maturation	   and	   separation	   and	   TACC3	   recruitment	   (Mori	   et	   al.,	  2007).	  In	  addition	  to	  its	  role	  in	  mitosis,	  Aurora	  A	  phosphorylated	  NudEL	  plays	  a	  role	  in	  DRG	   neurite	   extension	   by	   regulating	  microtubule	   dynamics	   (Mori	   et	   al.,	   2009).	  aPKC	  phosphorylates	  and	  thereby	  activates	  Aurora	  A,	  which	  in	  turn	  phosphorylates	  NudEL	   (Mori	   et	   al.,	   2009).	   Presumably,	   phosphorylated	  NudEL	   serves	   to	   organize	  microtubules	  projecting	  into	  the	  neurite.	  	  Phosphorylation	   of	   NudEL	   by	   Cdk5	   has	   also	   been	   shown	   to	   regulate	  organelle	  transport	  (Pandey	  and	  Smith,	  2011).	  It	  was	  found	  that	  overexpression	  of	  a	  phospho-­‐mutant	   NudEL	   construct	   lacking	   five	   key	   Cdk5	   phosphorylation	   sites	  completely	   abolished	   both	   retrograde	   and	   anterograde	   lysosomal	   trafficking	   in	  axons	  of	  adult	  rat	  DRG	  neurons	  (Pandey	  and	  Smith,	  2011).	  Another	  mode	  of	  NudE/EL	   regulation	   occurs	   via	   palmitoylation,	  which	   is	   a	  post-­‐translational	  lipid	  modification.	  While	  both	  NudE	  and	  NudEL	  were	  shown	  to	  be	  palmitoylated,	  only	  NudEL	  palmitoylation	  reduced	  its	  affinity	  for	  dynein	  while	  NudE	  palmitoylation	  had	  no	  effect	  (Shmueli	  et	  al.,	  2010).	  
NudE	  and	  NudEL	  in	  disease	  A	   prominent	   schizophrenia	   associated	   gene	   product,	   DISC1,	   is	   well	  established	  as	  a	  NudE/EL	  interacting	  protein,	  and	  this	  association	  is	   important	  for	  DISC1	  function	  (Morris	  et	  al.,	  2003;	  Ozeki	  et	  al.,	  2003).	  It	  was	  found	  that	  Nde1	  is	  also	  involved	   in	   schizophrenia	   (Hennah	   et	   al.,	   2007).	   There	   is	   some	   speculation	   as	   to	  how	  the	  pathology	  of	  schizophrenia	  could	  result	  from	  abnormal	  NudE/EL	  function.	  One	  indication	  lies	  in	  the	  fact	  that	  several	  activities	  that	  are	  altered	  in	  schizophrenia	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are	   associated	   with	   NudE/EL	   function,	   including	   aberrant	   cellular	   trafficking,	  nuclear	   migration	   defects,	   and	   inhibition	   of	   neurite	   formation.	   DISC1	   mutations	  resulting	  in	  schizophrenia	  result	  in	  a	  truncated	  DISC1	  protein	  that	  loses	  the	  NudEL	  binding	   site	   (Kamiya	   et	   al.,	   2005).	   In	   addition,	   it	   was	   observed	   that	   DISC1	   was	  necessary	  to	  maintain	  dynein	  localization	  at	  the	  centrosome	  (Kamiya	  et	  al.,	  2005).	  
Nde1	   mutations	   have	   recently	   been	   implicated	   in	   human	   microcephaly	  (Alkuraya	  et	  al.,	  2011;	  Bakircioglu	  et	  al.,	  2011).	  In	  addition	  to	  reduced	  brain	  size,	  the	  patients	   also	   exhibit	   lissencephaly.	   Together,	   the	   clinical	   manifestation	   is	   termed	  microlissencephaly,	  which	   is	   a	   rare	  occurrence	  but	  appears	   to	  be	  a	   result	  of	  Nde1	  mutations.	  An	  additional	  clinical	  feature	  of	  human	  Nde1	  mutations	  that	  has	  recently	  been	  documented	  is	  microhydranencephaly,	  which	  the	  authors	  of	  the	  study	  describe	  as	   distinct	   from	   the	  previously	   described	  microlissencephaly	   (Guven	   et	   al.,	   2012).	  Microhydranencephaly	  additionally	   includes	   the	  description	  of	   enlarged	  ventricles	  and	  absent	  or	  poorly	  developed	  cerebral	  hemispheres.	  The	  patients	  exhibiting	  these	  clinical	  features	  had	  homozygous	  Nde1	  deletions	  predicted	  to	  result	  in	  a	  null	  allele	  (Guven	  et	  al.,	  2012).	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Figure	   1-­‐3.	   Microcephaly	   and	   lissencephaly	   result	   from	   Nde1	  
mutation.	  MRI	  scans	  of	  an	  unaffected	  2	  year	  old	  child	  (B-­‐D)	  and	  a	  4.5	  year	  old	   child	   with	   a	   homozygous	   mutation	   in	   Nde1	   that	   removes	   the	   C-­‐terminal	   region	   of	   NudE	   (E-­‐F).	   The	   brain	   is	   significantly	   smaller	   in	   the	  affected	   child,	   with	   abnormal	   gyrification.	   Figure	   reproduced	   from	  Alkuraya	  et	  al.,	  2011. 
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INTRODUCTION	  Microcephaly	   is	   a	   severe	   neurodevelopmental	   disease	   characterized	   by	   an	  abnormally	   small	   brain	   resulting	   from	   a	   corresponding	   loss	   of	   neurons.	   Several	  genes,	   including	  Nde1,	   have	  been	   implicated	   in	  microcephaly.	  Most	  of	   these	  genes	  have	   centrosome	   associated	   mitotic	   functions,	   leading	   to	   the	   conclusion	   that	  aberrant	  proliferation	  of	  neural	  progenitors	   is	   responsible	   for	   the	   loss	  of	  neurons.	  Human	  patients	  with	  Nde1	  mutations	  exhibit	  both	  microcephaly	  and	   lissencephaly	  (Fig.	  1-­‐3)	  (Alkuraya	  et	  al.,	  2011;	  Bakircioglu	  et	  al.,	  2011).	  NudE	   is	   a	   345	   amino-­‐acid	   protein	   consisting	   of	   two	   major	   domains	   –	   an	  amino-­‐terminal	  coiled-­‐coil	  of	  about	  200	  amino-­‐acids	  and	  an	  unstructured	  carboxy-­‐terminal	   region	   of	   about	   150	   amino-­‐acids.	   The	   coiled-­‐coil	   contains	   sites	   for	  dimerization,	   LIS1	   binding,	   and	   dynein	   binding.	   The	   carboxy-­‐terminal	   region	   has	  multiple	   known	   phosphorylation	   sites	   in	   addition	   to	   binding	   regions	   for	   the	  majority	  of	  NudE	  interacting	  proteins.	  The	   studies	   that	   found	   a	   link	   between	   human	   microcephaly	   and	   Nde1	   all	  involved	  homozygous	  mutations	   that	   removed	  significant	  portions	  of	   the	  carboxy-­‐terminal	  region	  of	  NudE	  (Alkuraya	  et	  al.,	  2011;	  Bakircioglu	  et	  al.,	  2011).	  One	  of	  the	  mutations	  eliminated	  most	  of	  the	  NudE	  protein	  altogether	  (Bakircioglu	  et	  al.,	  2011).	  Removal	  of	  the	  carboxy-­‐terminal	  region,	  in	  theory,	  would	  prevent	  NudE	  binding	  to	  the	  majority	  of	  its	  partners,	  but	  allow	  for	  dimerization,	  LIS1	  binding,	  and	  potentially	  dynein	  binding	  via	  the	  amino	  terminal	  region	  of	  NudE.	  The	  studies	  further	  explored	  NudE	   localization	   at	   the	   centrosome	   and	   found	   that,	   unsurprisingly,	   a	  GFP-­‐tagged	  mutant	  construct	  based	  on	  the	  carboxy-­‐terminal	  truncations	  did	  not	  localize	  to	  the	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centrosome	   (Alkuraya	   et	   al.,	   2011;	   Bakircioglu	   et	   al.,	   2011).	   In	   addition,	   NudE	  localization	   at	   the	   centrosome	   could	   not	   be	   detected	   in	   cells	   isolated	   from	   the	  patient	  lacking	  almost	  the	  entire	  NudE	  protein	  (Bakircioglu	  et	  al.,	  2011).	  In	  the	  Nde1	  null	  mouse,	  the	  major	  reduction	  in	  brain	  size	  is	  observed	  in	  the	  cerebral	  cortex,	  with	  the	  upper	  layers	  being	  most	  affected	  (Feng	  and	  Walsh,	  2004).	  The	   loss	   of	   neurons	   was	   proposed	   to	   result	   from	   NudE-­‐related	   defects	   in	  proliferation.	   Specifically,	   that	   NudE	   regulates	   the	   mitotic	   spindle	   and	   thereby	  orientation	   of	   the	   cleavage	   plane.	   Cleavage	   plane	   orientation	   is	   thought	   to	  contribute	   to	   maintenance	   of	   the	   stem	   cell	   pool.	   Cleavage	   planes	   that	   are	  perpendicular	  to	  the	  ventricular	  surface	  presumably	  result	   in	  equal	  partitioning	  of	  stem	  cell	  components	  and	  thereby	  lead	  to	  symmetric	  divisions	  that	  give	  rise	  to	  two	  RGPCs	  that	  can	  continue	  to	  proliferate.	  Deviations	  from	  the	  perpendicular	  result	  in	  unequal	   partitioning	   of	   cellular	   apical	   components	   and	   are	  more	   likely	   to	   lead	   to	  asymmetric	  divisions	  resulting	  in	  the	  birth	  of	  a	  neuron	  or	  intermediate	  progenitor.	  In	   the	   case	  of	   the	  Nde1	   null	  mouse,	   the	   conclusion	   reached	   is	   that	   spindle	  defects	  lead	   to	   altered	   cleavage	   planes	   resulting	   in	   more	   asymmetric	   divisions.	   This	   is	  thought	   to	   result	   in	   an	   increase	   in	   early	   born	   neurons	   at	   the	   expense	   of	   the	  progenitor	  pool	  and	  therefore	  a	  significant	  loss	  of	  later	  born	  neurons,	  leading	  to	  the	  observed	  microcephalic	  brain	  of	  the	  NudE	  null	  mouse	  with	  a	  specific	   loss	  of	  upper	  layer	  neurons.	  In	   contrast	   to	   the	   effects	   of	  Nde1	  mutation	   in	   the	  mouse,	   the	  Ndel1	   null	   is	  embryonic	  lethal	  at	  the	  peri-­‐implantation	  stage	  (Sasaki	  et	  al.,	  2005).	  Several	  genetic	  variants	  were	  created	  to	  study	  the	  role	  of	  NudEL	  in	  conjunction	  with	  LIS1	  in	  brain	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development	   (Sasaki	   et	   al.,	   2005).	   It	   was	   found	   that	   significantly	   reducing	   the	  amount	  of	  NudEL	  present	  by	   creating	   a	  Ndel1	   null/hypomorph	  mouse	   resulted	   in	  mild	  neuronal	  migration	  defects	  (Sasaki	  et	  al.,	  2005).	  More	  prominent	  defects	  were	  observed	   when	   the	  Ndel1	   mutation	   was	   alongside	   a	   Lis1	   mutation	   (Sasaki	   et	   al.,	  2005).	  Furthermore,	  acute	  depletion	  of	  NudEL	  by	  in	  utero	  electroporation-­‐mediated	  RNAi	  also	   resulted	   in	  neuronal	  migration	  defects,	  with	  an	  accumulation	  of	   cells	   in	  the	   IZ/SVZ	   and	   a	   corresponding	   reduction	   of	   cells	   in	   the	   upper	   layers	   (Shu	   et	   al.,	  2004).	  This	  was	  seen	  as	  predominantly	  a	  migration	  defect,	  and	  not	  a	  proliferation	  defect,	  since	  BrdU	  pulse	  labeling	  was	  not	  significantly	  different	  between	  control	  and	  RNAi	  cells	  (Shu	  et	  al.,	  2004).	  Mitotic	  spindle	  alignment	  is	  one	  of	  several	  ways	  in	  which	  neural	  progenitor	  proliferation	   could	   contribute	   to	  microcephaly.	   A	   characteristic	   behavior	   of	   radial	  progenitors	   is	   interkinetic	   nuclear	  migration	   (INM),	  which	   is	   closely	   linked	   to	   the	  cell	   cycle	   stages	   of	   these	   cells.	   The	   nuclei	   of	   these	   cells	  migrate	   upward	   (basally)	  during	  G1,	  undergo	  S	  phase	  at	   the	  upper	  boundary	  of	   the	  VZ,	  and	  transition	  to	  G2	  while	   moving	   back	   down	   to	   the	   apical	   surface.	   M	   phase	   occurs	   at	   the	   apical	  (ventricular)	   surface.	   During	   this	   entire	   the	   process,	   until	   just	   before	   cells	   enter	  mitosis,	   the	   centrosome	   remains	   at	   the	   progenitor	   end-­‐foot	   attached	   at	   the	   apical	  surface.	   Microtubules	   emanate	   from	   this	   location	   with	   their	   plus	   ends	   oriented	  basally.	  Hence,	  it	  goes	  to	  follow	  that	  the	  force	  required	  for	  this	  nuclear	  movement	  is	  produced	   by	   two	   oppositely	   directed	   molecular	   motors	   –	   kinesin-­‐3	   in	   the	   basal	  direction	  and	  dynein	  and	  LIS1	  in	  the	  apical	  direction	  (Tsai	  et	  al.,	  2005;	  2010).	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INM	   is	   thought	   to	   regulate	   the	   maintenance	   of	   neural	   progenitors	   and	  subsequent	  cell	  fate	  of	  their	  daughter	  cells	  in	  a	  number	  of	  ways.	  Firstly,	  the	  speed	  at	  which	   INM	   progresses	   is	   correlated	   to	   the	   amount	   of	   time	   spent	   in	   different	   cell	  cycle	  stages.	  It	  has	  been	  found	  that	  the	  length	  of	  time	  the	  progenitor	  spends	  in	  any	  given	  stage	  can	  influence	  the	  type	  of	  division	  that	  occurs	  at	  the	  ventricular	  surface.	  One	  explanation	  for	  this	  is	  that	  time	  spent	  in	  varying	  regions	  of	  the	  VZ	  exposes	  the	  cell	   to	  differential	  gradients	  of	  extracellular	   factors	   that	   contribute	   to	   intracellular	  signaling,	   which	   in	   turn	   influences	   the	   outcome	   of	   division.	   In	   the	   developing	  zebrafish	  retina,	  Notch	  signaling	  is	  more	  active	  at	  the	  apical	  surface	  (Del	  Bene	  et	  al.,	  2008).	  Therefore	  cells	  defective	  in	  apical	  directed	  INM	  spend	  more	  time	  away	  from	  the	   apical	   surface,	   and	   have	   less	   exposure	   to	   Notch	   (Del	   Bene	   et	   al.,	   2008).	   As	   a	  result,	   stem	   cell	   maintenance	   is	   lost	   and	   neuron	   production	   increases	   (Del	   Bene,	  2011).	  Another	  study	  found	  that	  lengthening	  G1	  resulted	  in	  fate	  alteration	  leading	  to	  the	  production	  of	  more	  intermediate	  progenitors	  at	  the	  expense	  of	  maintaining	  the	  RGPC	  population	   (Arai	   et	   al.,	   2011).	   It	  was	  also	  observed	   that	  divisions	   leading	   to	  expansion	  of	   the	  stem	  cell	  pool	  were	  correlated	  with	  an	   increased	  amount	  of	   time	  spent	  in	  S	  phase,	  presumably	  to	  ensure	  accurate	  DNA	  replication	  (Arai	  et	  al.,	  2011).	  Regulation	   of	   INM	   is	   undoubtedly	   critical	   to	   establishing	   the	   balance	   of	  proliferation	  and	  differentiation	  in	  the	  developing	  cortex.	  Centrosomal	  components	  have	   been	   found	   to	   be	   involved	   in	   controlling	   INM,	   including	   Cep120	   and	   TACC3	  (Xie	   et	   al.,	   2007;	   Yang	   et	   al.,	   2012).	   Cep120	   regulates	   TACC3	   localization	   at	   the	  centrosome	   in	   RGPCs,	   and	   depleting	   either	   protein	   results	   in	   aberrant	   INM	   and	   a	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loss	   of	   neural	   progenitors	   (Xie	   et	   al.,	   2007).	   It	   is	   thought	   that	   these	   centrosomal	  components	  control	  INM	  by	  regulating	  centrosome-­‐associated	  microtubules	  (Xie	  et	  al.,	   2007).	   Interestingly,	   it	   has	   also	   been	   reported	   that	   phosphorylated	   NudEL	   is	  required	  for	  TACC3	  recruitment	  to	  the	  centrosome	  (Mori	  et	  al.,	  2007).	  To	  date,	  there	  is	  no	  reported	  connection	  between	  microcephaly	  and	  a	  failure	  to	   undergo	   normal	   INM.	   However,	   considering	   the	   established	   link	   between	   INM	  and	   neural	   progenitor	   proliferation,	   it	   is	   likely	   that	   aberrant	   INM	   leads	   to	   a	  reduction	  in	  the	  number	  of	  neurons	  in	  the	  brain.	  Here	  we	  report	  that	  NudE,	  which	  has	   been	   described	   as	   having	   a	   role	   in	   microcephaly	   by	   controlling	   spindle	  orientation,	  also	  regulates	  apical	  directed	  INM,	  another	  mechanism	  by	  which	  Nde1	  mutations	  may	  lead	  to	  microcephaly.	  
RESULTS	  
NudE/EL	  expression	  in	  developing	  brain	  Immunostaining	   with	   a	   polyclonal	   antibody	   that	   is	   cross	   reactive	   between	  NudE	  and	  NudEL	  reveals	  that	  NudE/EL	  is	  robustly	  expressed	  in	  the	  developing	  rat	  brain.	   Fig.	   2-­‐1	   shows	   a	   coronal	   section	   of	   the	   embryonic	   rat	   neocortex	  electroporated	  at	  E18	  fixed	  and	  immunostained	  with	  NudE/EL.	  NudE/EL	  expression	  is	   high	   in	   the	   VZ/SVZ	   of	   the	   cortex,	   regions	   that	   are	   abundant	   in	   actively	  proliferating	   progenitor	   cells.	   The	   apical	   surface	   is	   also	   particularly	   enriched	   for	  NudE/EL,	  presumably	  because	  this	  is	  where	  centrosome-­‐associated	  NudE/EL	  would	  be	  present.	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NudE	  and	  NudEL	  are	  involved	  in	  neuronal	  migration	  To	   study	   the	   roles	   of	   NudE	   and	   NudEL,	   in	   utero	   electroporation-­‐mediated	  RNAi	  was	   used	   to	   deplete	   endogenous	  NudE	   and	  NudEL	   from	   neural	   progenitors	  and	   observe	   subsequent	   effects	   on	   various	   aspects	   of	   cortical	   development.	   The	  plasmids	   encode	   shRNA	   targeted	   to	  mouse	   and	   rat	   NudE	   and	   NudEL,	   along	   with	  IRES-­‐GFP,	  resulting	  in	  GFP	  expression	  from	  the	  same	  plasmid.	  This	  allows	  for	  easy	  green	   fluorescent	   visualization	   of	   transfected	   cells.	   The	   knockdown	   efficiency	   of	  these	  shRNAs	  is	  approximately	  85%	  in	  Rat2	  cells	   transfected	  with	  both	  constructs	  for	   48	   hours	   (Fig.	   2-­‐2).	   Protein	   levels	   were	   assessed	   by	   measuring	   fluorescence	  intensity	  in	  ImageJ.	  
	  	   	  
Figure	  2-­‐2.	  NudE/EL	  RNAi	  depletes	  endogeous	  NudE/EL.	  Rat2	  cells	  were	   transfected	  with	   constructs	   encoding	   shRNA	   against	   NudE	   and	  NudEL.	   FACS	   was	   used	   to	   isolate	   fluorescent	   cells	   48	   hours	   after	  transfection.	   A	   polyclonal	   NudE/EL	   antibody	   was	   used	   to	   detect	  NudE/EL	  levels	  in	  cell	  lysates.	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RNAi	  for	  either	  NudE	  or	  NudEL	  results	  in	  subsequent	  mislocalization	  of	  cells	  within	  the	  cortex.	  Fig.	  2-­‐3A-­‐I	  shows	  the	  position	  of	  cells	  in	  the	  cortex	  of	  rat	  embryos	  electroporated	  at	  E16	  and	  fixed	  2,	  3	  or	  4	  days	  later.	  Electroporation	  of	  GFP	  alone	  at	  E16	   resulted	   in	   clear	   redistribution	  of	  GFP+	   cells	   to	   the	   cortical	  plate	   (CP)	  by	  E20	  (Fig.	   2-­‐3C).	   In	   contrast,	   NudE	   RNAi	   resulted	   in	   cells	   accumulated	   in	   two	   distinct	  regions	  –	  the	  ventricular	  zone	  (VZ)	  and	  the	  lower	  reaches	  of	  the	  intermediate	  zone	  (IZ),	  as	  well	  as	  a	  marked	  absence	  of	  cells	   in	   the	  CP	  (Fig.	  2-­‐3	  E,	  F;	  Fig.	  2-­‐4).	  NudEL	  RNAi	  also	  causes	  a	  migration	  defect,	  but	  the	  cells	  are	  arrested	  higher	  in	  the	  IZ,	  with	  very	   few	  reaching	   the	  CP	   (Fig.	  2-­‐3	  H,	   I;	   Fig.	  2-­‐4).	  For	  both	  NudE	  and	  NudEL	  RNAi	  electroporated	  brains,	   there	  appears	   to	  be	  a	   slight	  decrease	   in	   transfected	  cells	   in	  the	  SVZ	   (Fig.	  2-­‐3	  E,	  F,	  H,	   I;	   Fig.	  2-­‐4).	  However,	   this	  difference	  was	  not	   statistically	  significant	  (p	  =	  0.155).	  Measurement	   of	   the	   somal	   position	   of	   cells	   in	   the	   VZ	   at	   E19	   reveals	   that	  almost	  half	  of	  the	  radial	  glial	  cells	  in	  the	  VZ	  transfected	  with	  NudE	  RNAi	  are	  arrested	  20-­‐30	   μm	   away	   from	   the	   ventricular	   surface	   (Fig.	   2-­‐5).	   Visually,	   this	   is	   also	   very	  apparent	  when	  the	  VZ	  is	  examined	  under	  higher	  magnification	  (Fig.	  2-­‐6).	  The	  cells	  were	   identified	   by	   their	   elongated	   apical	   processes	   as	   well	   as	   positive	  immunostaining	   for	   Pax6,	   which	   is	   specific	   to	   RGPCs	   (Englund	   et	   al.,	   2005).	   In	  NudEL	  RNAi	  and	  GFP	  transfected	  cells,	  nuclei	  are	  found	  at	  various	  positions	  in	  the	  VZ,	  with	  no	  significant	  accumulation	  in	  any	  particular	  region	  (Fig.	  2-­‐5;	  Fig.	  2-­‐6).	  
	   	  








	   	  Figure	   2-­‐3.	   NudE	   and	   NudEL	   RNAi	   in	   embryonic	   rat	   brain	   results	   in	  
mislocalization	   of	   cells.	   	  E16	   embryonic	   rat	   brains	  were	   electroporated	  with	  plasmids	  encoding	  either	  GFP	   (A-­‐C)	  or	  shRNA	  against	  NudE	  (D-­‐F)	  or	  NudEL	   (G-­‐I)	   and	   analyzed	   2-­‐4	   days	   after	   electroporation.	   GFP	   control	  electroporated	  cells	  can	  be	  seen	  throughout	  the	  cortex,	  including	  significant	  numbers	  in	  the	  upper	  CP	  (B,	  C).	  NudE	  RNAi	  results	  in	  the	  accumulation	  of	  cells	  in	  two	  distinct	  regions	  –	  the	  VZ	  and	  lower	  IZ	  (E,	  F).	  NudEL	  RNAi	  causes	  an	  accumulation	  of	  cells	  in	  the	  IZ	  (H,	  I).	  Under	  either	  RNAi	  condition,	  very	  few	  fluorescent	  cells	  are	  visible	  in	  the	  CP. 













	   	  Figure	  2-­‐4.	  Cell	  distribution	  defects	  in	  cortices	  electroporated	  with	  
NudE	   RNAi	   and	   NudEL	   RNAi.	   E16	   embryonic	   rat	   brains	   were	  electroporated	   with	   plasmids	   encoding	   either	   GFP	   control,	   shRNA	  against	   NudE,	   or	   shRNA	   against	   NudEL.	   Brains	   were	   extracted	   3	   days	  later	  at	  E19	  and	  analyzed.	  The	  number	  of	  cell	  bodies	   in	   the	  CP,	   IZ,	  SVZ,	  and	   VZ	   was	   quantified.	   n	   =	   3	   brains	   for	   each	   condition.	   Error	   bars	  represent	   SEM.	   Statistical	   significance	   was	   calculated	   using	   one-­‐way	  ANOVA	  with	  Student-­‐Newman-­‐Keuls	  post-­‐hoc	  analysis.	  For	  CP,	  p	  <	  0.005;	  IZ,	  p	  <	  0.05;	  SVZ,	  p	  <	  0.5	  and	  VZ,	  p	  <	  0.05. 












	   	  
Figure	   2-­‐5.	   Radial	   progenitors	   depleted	   of	   NudE	   accumulate	   in	   the	  
upper	   boundary	   of	   the	   VZ.	   E16	   embryonic	   rat	   brains	   were	  electroporated	  with	  plasmids	  encoding	  GFP	  control,	  shRNA	  against	  NudE,	  or	   shRNA	  against	  NudEL.	   Brains	  were	   extracted	   3	   days	   later	   at	   E19	   and	  analyzed.	   The	   nuclear	   position	   of	   arrested	   cells	   was	   measured	   as	   the	  distance	   from	   the	   base	   of	   the	   nucleus	   to	   the	   apical	   surface.	   46%	   of	   the	  NudE	  RNAi	   cells	   in	   the	  VZ	  were	   arrested	   20-­‐30	  μm	  from	   the	  ventricular	  surface	  (VS),	  over	  double	  of	  what	  was	  observed	  for	  either	  GFP	  control	  or	  NudEL	  RNAi	  transfected	  cells.	  A	  significant	  reduction	  in	  the	  percentage	  of	  NudE	  depleted	  cells	  (10%)	  was	   found	  closest	   to	   the	  VS	  compared	  to	  GFP	  control	  (27%)	  or	  NudEL	  RNAi	  (37%). 
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NudE	  is	  specifically	  involved	  in	  mitosis	  and	  INM	  Mitosis	   of	   RGPCs	   in	   the	   developing	   cortex	   occurs	   primary	   at	   the	   apical	  surface	  of	  the	  VZ.	  Strikingly,	  there	  was	  a	  complete	  absence	  of	  transfected	  cells	  at	  the	  apical	  surface	  of	  brains	  electroporated	  with	  NudE	  RNAi.	  To	  test	  for	  a	  mitotic	  defect	  more	  directly,	  we	  immunostained	  brain	  sections	  for	  phospho-­‐histone	  H3,	  which	  is	  a	  marker	   for	   mitotic	   cells.	   As	   shown	   in	   Fig.	   2-­‐6,	   analysis	   of	   the	   VZ	   3	   days	   after	  electroporation	  revealed	  a	  significant	  reduction	   in	   the	  mitotic	   index	  of	  NudE	  RNAi	  cells	  (1.59%)	  compared	  to	  either	  the	  GFP	  control	  cells	  (6.67%)	  or	  NudEL	  RNAi	  cells	  (6.41%).	  The	  basal	  position	  of	  NudE	  RNAi	  arrested	  cells	   in	   the	  VZ	   indicated	   that	   the	  knockdown	  might	  be	  affecting	  mitosis	  through	  altered	  INM.	  The	  nuclear	  position	  of	  the	  cells	  away	  from	  the	  ventricular	  surface	  suggested	  that	  these	  cells	  may	  be	  able	  to	  undergo	   basal	   INM,	   but	   are	   unable	   to	   switch	   to	   apical	   INM	   and	   therefore	   do	   not	  make	  it	  back	  down	  to	  the	  ventricular	  surface,	  where	  mitosis	  would	  normally	  occur.	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Figure	  2-­‐6.	  NudE	  RNAi	  results	   in	  a	  decreased	  mitotic	   index.	  Embryonic	  rat	  brains	  were	  electroporated	  at	  E16	  with	  plasmids	  encoding	  GFP	  or	  shRNA	  against	  NudE	  or	  NudEL.	  Three	   days	   after	  electroporation,	   there	   is	   an	  over	  four	   fold	   decrease	   in	   the	   mitotic	   index	   of	   NudE	   RNAi	   cells	   in	   the	   VZ,	   as	  compared	  to	  GFP	  control	  electroporation	  (6.67%	  GFP	  control;	  1.59%	  NudE	  RNAi;	   p	   <	   0.003	   using	   unpaired	   Student’s	   t-­‐test).	   Arrows	   point	   to	  electroporated	  mitotic	  cells.	  Phospho	  histone	  H3	  was	  used	  as	  a	  marker	   for	  mitotic	  cells. 
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We	  used	  live	  cell	   imaging	  to	  investigate	  the	  behavior	  of	  electroporated	  cells	  in	   the	  VZ.	   GFP	   control	   cells	  were	   able	   to	   undergo	   both	   apical	   and	   basal	   INM,	   and	  divide	  at	  the	  ventricular	  surface	  (Fig.	  2-­‐7).	   	  However,	  NudE	  RNAi	  cells	  4	  days	  after	  electroporation	   were	   arrested	   in	   a	   position	   basal	   to	   the	   ventricular	   surface,	   and	  were	   unable	   to	   move	   apically,	   even	   after	   several	   hours	   of	   imaging	   (Fig.	   2-­‐8).	  Observing	   these	   cells	   a	   day	   earlier,	   at	   E19,	   revealed	   instances	   where	   NudE	   RNAi	  cells	   migrate	   basally	   but	   are	   then	   arrested	   during	   apical	   movement	   (Fig.	   2-­‐8).	  NudEL	   RNAi	   did	   not	   appear	   to	   have	   an	   effect	   on	   INM	   or	  mitosis,	   with	  migration	  occurring	  both	  basally	  and	  apically,	  and	  mitotic	  events	  occurring	  at	  the	  ventricular	  surface	  (Fig.	  2-­‐9).	  	  Considering	  the	  effect	  on	  one	  progenitor	  population,	  we	  thought	   it	  possible	  that	   depleting	   NudE	   or	   NudEL	   would	   have	   an	   affect	   on	   the	   production	   of	  intermediate	  progenitors.	  We	  quantified	   the	  percentage	  of	   transfected	   cells	   in	   the	  SVZ	   that	   also	   expressed	   Tbr2,	   a	   transcription	   factor	   upregulated	   in	   intermediate	  progenitors,	  but	  found	  that	  there	  was	  no	  significant	  difference	  when	  RNAi	  was	  used	  (Fig.	  2-­‐10).	  
	   	  










	   	  Figure	  2-­‐7:	  Mitosis	  occurs	  at	  the	  ventricular	  surface	  in	  
GFP	   control	   cells.	   E16	   embryonic	   rat	   brains	   were	  electroporated	   and	   collected	   for	   live	   imaging	   3	   days	   later.	  Cells	   exhibit	   apical	   and	   basal	   migration	   and	   undergo	  mitosis	  at	  the	  ventricular	  surface. 





	   	  
Figure	  2-­‐8:	  Cells	  depleted	  of	  NudE	  cannot	  undergo	  INM.	  E16	   embryonic	   rat	   brains	  were	   electroporated	  with	  NudE	  RNAi	  and	  collected	  for	  live	  imaging	  3	  and	  4	  days	  later.	  The	  graph	   shows	   nuclear	   migration	   at	   3	   days	   after	  electroporation.	   By	   4	   days	   after	   electroporation,	   there	   is	  minimal	  migration	   in	   the	  VZ.	  At	  3	  days,	   some	  cells	   can	   be	  seen	   undergoing	   basal	   migration	   but	   cannot	   complete	  apical	  migration	  to	  the	  ventricular	  surface. 
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Figure	   2-­‐9:	   Cells	   depleted	   of	   NudEL	   undergo	   mitosis.	  E16	  embryonic	  rat	  brains	  were	  electroporated	  with	  NudEL	  RNAi	   and	   collected	   for	   live	   imaging	   3	   days	   later.	   Cells	  exhibit	   apical	   and	   basal	  migration	   and	   undergo	  mitosis	   at	  the	   ventricular	   surface.	   Histone	   H1-­‐CFP	   was	   co-­‐electroporated	  in	  the	  cell	  imaged	  above. 










	   	  
Figure	   2-­‐10.	   Depleting	   NudE	   or	   NudEL	   does	   not	   appear	   to	  
affect	  the	  number	  of	  intermediate	  progenitors.	  The	  percentage	  of	  fluorescent	  cells	  in	  the	  SVZ	  that	  are	  also	  Tbr2+	  is	  not	  significantly	  different	   between	   GFP	   control,	   NudE	   RNAi,	   and	   NudEL	   RNAi	  electroporated	  brains.	  Embryonic	  rat	  brains	  were	  electroporated	  at	  E16	   and	   analyzed	   3	   days	   later	   at	   E19.	   The	   number	   of	   Tbr2+	  fluorescent	  cells	  in	  the	  SVZ	  was	  quantified	  as	  a	  percentage	  of	  total	  fluorescent	   cells	   in	   the	  SVZ.	  n	  =	  3	   brains	   for	  each	   condition.	  Total	  SVZ	   cells	   counted	   for	   each	   condition:	   GFP	   =	   68,	  NudE	  RNAi	   =	   53,	  and	  NudEL	   RNAi	   =	   49	   cells.	   Error	   bars	   represent	   SEM.	  p	  =	  0.535	  using	  one-­‐way	  ANOVA. 
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NudE	  and	  NudEL	  are	  both	  involved	  in	  the	  multipolar	  to	  bipolar	  transition	  Inhibition	   of	   either	   NudE	   or	   NudEL	   results	   in	   a	   dense	   accumulation	   of	  multipolar	   cells	   in	   the	   IZ	   (Fig.	   2-­‐3).	   Quantification	   of	   the	   number	   of	   transfected	  neurons	   in	   the	   IZ	   revealed	   a	   reduction	   in	   the	   number	   of	   cells	   that	   were	   clearly	  bipolar	  in	  brains	  electroporated	  with	  NudE	  RNAi	  (0.82%)	  and	  NudEL	  RNAi	  (9.12%)	  compared	  to	  GFP	  control	  (24.07%)	  (Fig.	  2-­‐11).	  In	  both	  RNAi	  conditions,	  bipolar	  cells	  were	  only	  visible	  in	  the	  upper	  IZ,	  although	  this	  observation	  could	  be	  biased	  due	  to	  the	   difficulty	   in	   distinguishing	   individual	   cells	   in	   the	   lower	   IZ,	   which	  was	   packed	  with	   brightly	   fluorescent	   cells.	   On	   average,	   arrested	   cells	   in	   the	   IZ	   of	   NudE	   RNAi	  brains	   occupied	   a	   50	   µm	   region	   between	   125	   µm	   –	   175	   µm	   from	   the	   ventricular	  surface,	   whereas	   cells	   accumulated	   in	   the	   IZ	   of	   NudEL	   RNAi	   brains	   were	   more	  spread	   out,	   having	   migrated	   further	   out	   into	   the	   cortex,	   and	   occupied	   a	   100	   µm	  region	  between	  125	  µm	  –	  225	  µm	  from	  the	  ventricular	  surface.	  Time-­‐lapse	   imaging	   of	   these	   multipolar	   cells	   shows	   that	   while	   they	  continuously	   put	   out	   neuritic	   processes,	   they	   are	   unable	   to	   undergo	   the	  characteristic	  morphological	  change	  associated	  with	  neuronal	  maturation,	  in	  which	  a	  multipolar	   cell	   becomes	   a	   bipolar	  migratory	   neuron	  with	   a	   leading	   process	   and	  trailing	   axon	   (Fig.	   2-­‐12).	   Such	  morphological	   changes	   are	   easily	   observed	   in	   GFP	  control	  electroporated	  cells	  in	  the	  IZ	  (Fig.	  2-­‐12).	  
	   	  









	   	  
Figure	   2-­‐11.	   NudE	   RNAi	   leads	   to	   a	   significant	   loss	   of	  
bipolar	   cells	   in	   the	   IZ.	   E16	   embryonic	   rat	   brains	   were	  electroporated	   with	   plasmids	   encoding	   either	   GFP	   control,	  shRNA	   against	   NudE,	   or	   shRNA	   against	   NudEL.	   Brains	   were	  analyzed	   3	   days	   later	   at	   E19.	   The	   number	   of	   clearly	   bipolar	  fluorescent	   cells	   in	   the	   IZ	  was	   quantified	   as	   a	   percentage	   of	  total	  fluorescent	  cells	  in	  the	  IZ.	  n	  =	  3	  brains	  for	  each	  condition.	  Total	   IZ	   cells	   counted	   for	   each	   condition:	   GFP	   =	   148,	   NudE	  RNAi	  =	  294,	  and	  NudEL	  RNAi	  =	  309	  cells.	  Error	  bars	  represent	  SEM.	   Statistical	   significance	   was	   calculated	   using	   one-­‐way	  ANOVA	   with	   Student-­‐Newman-­‐Keuls	   post-­‐hoc	   analysis.	   p	   <	  0.05	  across	  all	   three	  data	   sets;	  p	  <	  0.01	  between	  control	  and	  NudE	  RNAi	  and	  p	  <	  0.05	  between	  control	  and	  NudEL	  RNAi. 
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NudEL	  is	  involved	  in	  the	  migration	  of	  bipolar	  neurons	  into	  the	  cortical	  plate	  In	  spite	  of	   the	   inhibitory	  effect	  of	  NudEL	  RNAi	  on	   the	  multipolar	   to	  bipolar	  transition,	  a	   few	  bipolar	  migratory	  neurons	  can	  clearly	  be	  seen	   in	  both	   the	   IZ	  and	  the	  CP	  (Fig.	  2-­‐3	  H,	  I;	  Fig.	  2-­‐4;	  Fig.	  2-­‐13).	  We	  decided	  to	  examine	  them	  for	  migratory	  defects.	   Leading	   process	   formation	   and	   maintenance	   is	   known	   to	   be	   involved	   in	  normal	  migration	  of	  bipolar	  neurons,	  which	  have	  to	  form	  extracellular	  attachments	  to	  the	  glial	  fibers	  upon	  which	  they	  migrate.	  Upon	   closer	   inspection,	   we	   found	   several	   abnormalities	   in	   leading	   process	  morphology	  of	  NudEL	  RNAi	  transfected	  bipolar	  neurons.	  Focusing	  on	  the	  transition	  region	  between	  the	  IZ	  and	  the	  CP,	  we	  found	  several	  neurons	  with	  leading	  processes	  that	  were	  thinner,	  longer,	  and	  more	  convoluted	  than	  in	  control	  electroporated	  cells	  (Fig.	  2-­‐13).	  On	  average,	  the	  leading	  processes	  were	  40%	  longer	  in	  NudEL	  RNAi	  cells.	  In	   a	   few	   instances,	   it	   appeared	   that	   one	   leading	   process	   had	   multiple	   vertical	  alignments,	  suggesting	  apposition	  to	  multiple	  glial	   fibers	  (Fig.	  2-­‐13,	  white	  arrows).	  These	   cells	   were	   also	   largely	   devoid	   of	   the	   characteristic	   thick	   swelling	   that	   is	  sometimes	  seen	  ahead	  of	  the	  nucleus	  in	  control	  cells	  (Fig.	  2-­‐13,	  red	  arrows).	  During	  migration,	  this	  swelling	  forms	  ahead	  of	  the	  nucleus	  and	  the	  centrosome	  moves	  into	  it	  before	  somal	  migration	  follows.	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Figure	   2-­‐13:	   NudEL	   RNAi	   causes	   abnormal	   leading	   process	  
morphology	   in	   migrating	   neurons.	   E16	   embryos	   were	  electroporated	   with	   GFP	   control	   or	   NudEL	   RNAi	   and	   examined	   3	  days	   later	   at	   E19.	   NudEL	   RNAi	   results	   in	   longer,	   thinner	   leading	  processes	   that	   are	   more	   convoluted	   and	   appear	   to	   have	   “loose”	  attachments	   to	   multiple	   glial	   fibers	   (white	   arrows).	   The	  characteristic	   thick	   swelling	   that	   lies	   ahead	   of	   the	   nucleus	   (red	  arrows)	   is	   largely	  absent	  in	  NudEL	  RNAi	  treated	  cells.	  The	  average	  length	   of	   leading	   processes	   of	   migrating	   bipolar	   neurons	   in	   the	  IZ/CP	   transition	   region	   was	   quantified.	   On	   average,	   NudEL	   RNAi	  caused	  a	  40%	  increase	  in	  leading	  process	  length.	  Scale	  bar	  =	  50	  μm. 
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Next	   we	   utilized	   time-­‐lapse	   imaging	   to	   monitor	   these	   cells	   live	   as	   they	  attempt	   to	   migrate	   from	   the	   IZ	   to	   the	   CP.	   In	   GFP	   control	   cells,	   we	   were	   able	   to	  observe	   instances	  where	   a	  multipolar	   cell	   not	   only	   underwent	   the	   transition	   to	   a	  bipolar	  migratory	  neuron,	  but	  also	  continued	  its	  migration	  into	  the	  upper	  region	  of	  the	   cortex	   (Fig.	   2-­‐14).	   In	   such	   cases,	   a	   thick	   leading	   process	   formed	   and	   a	   clear	  swelling	   was	   observed	   ahead	   of	   the	   nucleus	   before	   the	   nucleus	   moved	   into	   the	  region	  of	  the	  swelling	  (Fig.	  2-­‐14,	  yellow	  arrows).	  In	  the	  case	  of	  NudEL	  RNAi,	  one	  of	  the	   few	   cells	   that	   transitioned	   into	   a	   bipolar	   neuron	   was	   then	   arrested	   during	  migration	   (Fig.	   2-­‐14).	   Initially,	   the	   centrosome	   (marked	   in	   red	   by	   expression	   of	  DsRed-­‐CentrinII)	  moves	  into	  the	  region	  ahead	  of	  the	  nucleus,	  but	  in	  the	  absence	  of	  an	  obvious	  swelling.	  The	  nucleus	  follows,	  but	  at	  a	  slower	  rate	  than	  what	  is	  observed	  for	  GFP	  control	  cells.	  Once	  the	  somal	  movement	  is	  complete,	  the	  centrosome	  moves	  a	   short	   distance	   once	   more	   (Fig.	   2-­‐14	   at	   09:00	   hours),	   but	   cannot	   sustain	   that	  position	  and	  moves	  back	   to	   the	  nucleus.	  Both	   the	  centrosome	  and	  nucleus	  remain	  stationary	  for	  the	  remainder	  of	  the	  time-­‐lapse	  movie.	  
	   	  
	   51	  
	  
	   	  
	   52	  
NudE	  can	  compensate	  for	  NudEL	  during	  neuronal	  migration	  In	   order	   to	   show	   that	   the	   RNAi	   effect	   of	   depleting	   NudE	   or	   NudEL	   was	  specific,	   we	   wanted	   to	   demonstrate	   rescue	   by	   co-­‐expressing	   RNAi	   insensitive	  versions	  of	  the	  proteins	  alongside	  the	  RNAi	  constructs	  in	  the	  developing	  brain.	  GFP-­‐NudE	  and	  GFP-­‐NudEL	  overexpression	   in	  brain	  was	  met	  with	   limited	  success.	  Very	  few	  cells	  appeared	  transfected	  1	  day	  after	  electroporation,	  and	  by	  2	  or	  more	  days,	  almost	  no	  transfected	  cells	  were	  visible.	  	   Several	  new	  constructs	  were	  designed	  and	  used	   in	  attempts	  to	  overexpress	  NudE	  and	  NudEL	   in	   the	  developing	  brain.	  One	  possibility	  was	   that	   the	  GFP	   tag	  on	  the	   amino-­‐terminus	   (the	   coiled-­‐coil)	   was	   somehow	   interfering	   with	   protein	  function,	  so	  untagged	  versions	   in	   IRES	   fluorescent	  plasmids	  and	  carboxy-­‐terminus	  tagged	  versions	  were	  created.	  However,	  these	  did	  not	  show	  improved	  expression.	  	  We	   turned	   to	   mCherry,	   a	   monomeric	   red	   fluorescent	   tag,	   in	   hopes	   that	  perhaps	   lower	  aggregation	  of	   the	   fluorophore	  would	   improve	   chances	  of	   rescuing	  the	  RNAi	  effect.	  While	  transfection	  efficiency	  of	  mCherry-­‐NudE	  was	  far	   lower	  than	  that	  of	  DsRed-­‐IRES-­‐NudE	  compared	  to	  controls,	  it	  also	  resulted	  in	  the	  presence	  of	  a	  small	  percentage	  of	   transfected	  cells	   in	   the	  CP	  4	  days	  after	  electroporation	   (Fig.2-­‐15).	   	   GFP	   was	   co-­‐transfected	   with	   mCherry-­‐NudE	   for	   easier	   visualization	   of	  mCherry-­‐NudE	   expressing	   cells,	   which	   were	   otherwise	   difficult	   to	   detect	   by	   eye.	  Compared	  to	  NudE	  RNAi	  alone,	  co-­‐expression	  with	  the	  rescue	  construct	  resulted	  in	  an	   increase	   in	   the	   number	   of	   cells	   in	   the	   CP	   (0.85%	  NudE	   RNAi	   vs.	   6.06%	  NudE	  RNAi	   +	   mCherry-­‐NudE),	   indicating	   that	   some	  migratory	   defects	   were	   rescued	   by	  overexpressing	  NudE.	  However,	  compared	  to	  GFP	  control	  electroporated	  brains,	  the	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number	   of	   cells	   in	   the	   CP	   was	   still	   low	   (32.95%	   GFP	   vs.	   6.06%	   NudE	   RNAi	   +	  mCherry-­‐NudE).	  Also,	   co-­‐expression	  of	  mCherry-­‐NudE	  with	  GFP	   compared	   to	  GFP	  alone	  did	  not	  result	  in	  a	  similar	  number	  of	  cells	  in	  the	  CP	  (9.43%	  mCherry-­‐NudE	  +	  GFP	  vs.	  32.95%	  GFP	  alone).	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Figure	   2-­‐15.	   Overexpression	   of	   mCherry-­‐NudE	   can	   rescue	   some	   of	   the	  
defects	  caused	  by	  NudE	  RNAi.	  E16	  embryonic	  rat	  brains	  were	  transfected	  with	  GFP	   control,	   GFP	   control	   +	   mCherry-­‐NudE,	   NudE	   RNAi	   or	   NudE	   RNAi	   +	  mCherry-­‐NudE	  and	  analyzed	  4	  days	  later	  at	  E20.	  Evidence	  of	  rescue	  comes	  from	  the	  increase	  in	  the	  percentage	  of	  cells	  in	  the	  cortical	  plate	  (6.06%	  in	  NudE	  RNAi	  +	  mCherry-­‐NudE	  vs.	  0.85%	  in	  NudE	  RNAi).	  Scale	  bar	  =	  100	  μm. 
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Overexpression	   of	   proteins	   in	   stem	   cells	   has	   been	   reported	   to	   be	   difficult,	  possibly	  due	  to	  low	  transfection	  efficiency	  and	  downregulation	  of	  promoter	  activity	  upon	  transfection	  (Alexopoulou	  et	  al.,	  2008).	  A	  hybrid	  promoter	  comprising	  regions	  of	  the	  CMV	  immediate-­‐early	  enhancer,	  a	  chicken	  beta-­‐actin	  transcription	  start	  site,	  and	   a	   rabbit	   beta-­‐globin	   intron	   (CAG)	   has	   been	   used	   with	   much	   higher	   rates	   of	  success	  in	  transfecting	  stem	  cells	  (Nitta	  et	  al.,	  2005;	  Alexopoulou	  et	  al.,	  2008).	  We	   cloned	   untagged	   NudE	   into	   a	   vector	   driven	   by	   the	   CAG	   promoter	   and	  used	  this	  to	  rescue	  NudEL	  RNAi.	  E16	  embryonic	  rat	  brains	  were	  electroporated	  with	  either	  GFP	  control,	  NudEL	  RNAi,	  or	  NudEL	  RNAi	  +	  CAG-­‐NudE.	  Fig.	  2-­‐16	  shows	  the	  position	   of	   cells	   in	   the	   cortex	   under	   different	   electroporation	   conditions.	   In	   the	  rescue	  experiment,	   there	   is	  a	  dramatic	   increase	   in	   the	  number	  of	  cells	   in	   the	  CP	  5	  days	  after	  electroporation	  (83.75%	  in	  NudEL	  RNAi	  +	  NudE,	  8.12%	  in	  NudEL	  RNAi,	  54.79%	  in	  GFP	  control.	  Surprisingly,	  there	  is	  a	  decrease	  in	  the	  number	  of	  cells	  in	  all	  other	  regions	  of	  the	  cortex.	  
	   	  




	   	  
Figure	   2-­‐16.	   NudE	   overexpression	   rescues	   NudEL	   RNAi.	   E16	  embryonic	  rat	  brains	  were	  transfected	  with	  GFP	  control,	  NudEL	  RNAi	  or	  co-­‐transfected	  with	  NudEL	  RNAi	  and	  CAG-­‐NudE	  and	  analyzed	  5	  days	  later	  at	  E21.	  Five	   days	  after	   electroporation,	  NudEL	  RNAi	   transfected	  cells	   are	   still	   found	  mostly	   in	   the	   IZ,	  with	  very	   few	  cells	   in	   the	  CP.	   In	  contrast,	   NudEL	   RNAi	   co-­‐transfected	   with	   CAG-­‐NudE	   results	   in	  fluorescent	   cells	   mostly	   in	   the	   CP,	   indicating	   that	   NudE	   is	   able	   to	  compensate	   for	  migratory	  defects	  caused	  by	  NudEL	  RNAi.	  Scale	  bar	  =	  100	  μm. 
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DISCUSSION	  In	   this	   study,	   we	   sought	   to	   understand	   how	   NudE	   and	   NudEL	   could	   be	  involved	  in	  proliferation	  and	  migration	  in	  the	  developing	  brain.	  Based	  on	  previous	  genetic	   studies,	  we	   expected	   that	   a	   reduction	   in	  NudE	  would	   lead	   to	   a	   loss	   in	   the	  progenitor	   population	   and	   an	   increase	   in	  mitotic	   index	   if	   cells	  were	   blocked	   in	  M	  phase	  (Feng	  and	  Walsh,	  2004).	  However,	  we	  found	  this	  not	  to	  be	  the	  case.	  Instead,	  cells	   depleted	   of	   NudE	   accumulated	   in	   the	   upper	   boundary	   of	   the	   VZ,	   suggesting	  they	   were	   blocked	   during	   INM.	   These	   cells	   were	   clearly	   RGPCs	   based	   on	  morphology	  and	  Pax6	  staining.	  In	  addition,	  these	  cells	  were	  not	  phospho-­‐histone	  H3	  positive,	  indicating	  that	  they	  had	  not	  entered	  mitosis.	  In	  fact,	  depleting	  NudE	  led	  to	  an	  overall	  reduction	  in	  the	  mitotic	  index	  of	  cells	  in	  the	  VZ.	  Live	   cell	   imaging	   revealed	   that	  NudE,	  but	  not	  NudEL,	   is	   required	   for	   apical	  INM.	  RNAi	  directed	  against	  Nde1	   completely	  abolished	  any	  apical	  directed	  nuclear	  movements	   by	   3	   days	   after	   electroporation.	   The	   same	   was	   not	   true	   for	   NudEL	  shRNA,	   as	   INM	   progressed	   normally	   and	   mitotic	   divisions	   occurred	   at	   the	  ventricular	   surface.	   However,	   both	   Nde1	   and	   Ndel1	   shRNA	   resulted	   in	   neuronal	  migration	  defects	  by	  arresting	  cells	  at	  the	  multipolar	  stage	  in	  the	  IZ.	   In	  the	  case	  of	  
Ndel1	   shRNA,	   the	   few	   cells	   that	   were	   able	   to	   undergo	   the	   multipolar	   to	   bipolar	  transition	   were	   subsequently	   blocked	   in	   their	   migration	   to	   the	   CP.	   A	   summary	  diagram	  representing	  our	  findings	  is	  presented	  in	  Fig.	  2-­‐17.	  	  	  	  








Figure	   2-­‐17.	   RNAi	   against	   NudE	   or	   NudEL	   results	   in	   defects	   at	   multiple	  
stages	  of	  neocortical	  development.	  NudE	  RNAi	  causes	  a	  block	  in	  INM,	  whereas	  both	  NudE	  and	  NudEL	  RNAi	   lead	  to	  an	  accumulation	  of	  multipolar	  cells	  that	  are	  unable	  to	  transition	  to	  bipolar	  neurons.	  A	  migratory	  defect	  can	  also	  be	  observed	  in	  the	  case	  of	  NudEL	  RNAi.	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be	  associated	  with	  the	  nuclear	  envelope,	  and	  could	  very	  well	  facilitate	  an	  interaction	  between	  nuclear	  envelope	  dynein	  and	  microtubules	  to	  transport	  the	  nucleus	  toward	  the	  centrosome	  during	  INM.	  	  	  	  
	  	  




Figure	  2-­‐18.	  NudE	  RNAi	  specifically	  blocks	  INM.	  RNAi	  directed	  against	  NudE	  in	   the	   developing	   rat	   brain	   leads	   to	   an	   accumulation	   of	   RGPCs	   in	   the	   upper	  boundary	  of	  the	  VZ,	  suggesting	  that	  cells	  are	  arrested	  in	  INM.	  Cells	  are	  unable	  to	  move	  apically.	  Control	  cells	  can	  be	  found	  in	  various	  positions	  and	  corresponding	  cell-­‐cycle	  stages	   in	  the	  VZ.	  Our	  data	  suggests	  a	  mechanism	  whereby	   inhibition	  of	  apical	  INM	  results	  in	  an	  overall	  reduction	  in	  mitotic	  events,	  ultimately	  leading	  to	  microcephaly.	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Many	  factors	  contribute	  to	  the	  regulation	  of	  INM,	  one	  of	  which	  is	  alterations	  in	  microtubule	  dynamics.	  	  In	  one	  study,	  a	  microtubule	  associated	  protein,	  Tpx2,	  was	  found	  to	  be	  redistributed	   from	  the	  nucleus	   to	   the	  apical	  process	  as	   the	  progenitor	  cell	  entered	  G2	  (Kosodo	  et	  al.,	  2011).	  In	  cultured	  cells,	  dynein	  is	  required	  for	  Tpx2	  transport	   from	   kinetochores	   toward	   the	   spindle	   poles	   during	   mitosis	   (Ma	   et	   al.,	  2010).	   NudEL	   has	   previously	   been	   implicated	   in	   regulating	   dynein	   mediated	  poleward	   transport	  of	  kinetochore	  proteins	  during	  mitosis	   (Yan	  et	  al.,	  2003).	  This	  mechanism	   could	   very	   well	   be	   conserved	   in	   Tpx2	   apical	   redistribution	   in	   neural	  progenitors,	  and	  as	  a	  dynein	  regulator,	  NudE	  may	  also	  be	  involved	  in	  this	  process.	  Another	   link	  between	  Tpx2	  and	  NudE	   lies	   in	   the	   fact	   that	   in	  post-­‐mitotic	  neurons,	  Tpx2	   activated	   Aurora	   A	   has	   been	   shown	   to	   phosphorylate	   NudEL,	   resulting	   in	  microtubule	  remodeling	  (Mori	  et	  al.,	  2009).	  This	  particular	  phosphorylation	  site	   is	  conserved	  in	  NudE.	  Hence,	  it	  is	  possible	  that	  Tpx2	  redistribution	  is	  required	  for	  its	  downstream	   effect	   on	   NudE,	   which	   in	   turn	   may	   regulate	   microtubule	   dynamics	  during	   INM.	   Further	   evidence	   in	   support	   of	   a	   Tpx2	   regulated	   function	   for	   NudE	  during	   INM	   comes	   from	   studies	   showing	   that	   Aurora	   A	   phosphorylated	  NudEL	   is	  required	  for	  TACC3	  recruitment	  to	  the	  centrosome	  (Mori	  et	  al.,	  2007).	  As	  discussed	  earlier,	   TACC3	   has	   been	   implicated	   in	   INM,	   and	   a	   depletion	   of	   TACC3	   leads	   to	  aberrant	   INM	   and	   a	   loss	   of	   progenitors	   (Xie	   et	   al.,	   2007).	   	   In	   this	   manner,	  Nde1	  mutations	   could	   contribute	   to	   microcephaly	   by	   causing	   insufficient	   TACC3	  recruitment	  to	  the	  centrosome	  and	  ultimately,	  a	  loss	  of	  neuronal	  production.	  It	   would	   be	   very	   interesting	   to	   test	   the	   role	   of	   the	   conserved	   Aurora	   A	  phosphorylation	   site	   in	   INM.	   One	   possibility	  would	   be	   to	  mutate	   the	   site	   on	   both	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NudE	   and	   NudEL	   and	   observe	   the	   effect	   of	   overexpressing	   the	   phospho-­‐mutant	  form	   in	   the	   developing	   rat	   neocortex.	   Additionally,	   rescue	   experiments	   could	   be	  performed	   using	   phospho-­‐mutant	   and	   phospho-­‐mimetic	   forms	   of	   both	   NudE	   and	  NudEL	  under	  NudE	  RNAi	  conditions.	  This	  would	  also	  enable	  a	  better	  understanding	  of	  the	  specificity	  of	  NudE	  and	  NudEL	  in	  different	  cellular	  functions.	  Exactly	   how	   microcephaly	   results	   from	   aberrant	   INM	   in	   the	   context	   of	  genetic	  models	   is	  unclear.	  The	  process	  has	  not	  been	  directly	  observed	   in	  the	  Nde1	  mutant	   mouse,	   but	   logically	   it	   must	   be	   occurring	   since	   neural	   progenitor	  proliferation	  does	  take	  place,	  albeit	  with	  abnormal	  outcomes.	  It	  is	  likely	  that	  in	  the	  case	  of	  a	  Nde1	  gene	  mutation,	  NudEL	  is	  able	  to	  compensate	  for	  significant	  functions	  and	  may	   even	   be	   upregulated.	   However,	   NudEL	   levels	   were	   not	  measured	   in	   the	  
Nde1	  null	  mouse,	  so	  it	  is	  not	  possible	  to	  make	  this	  assessment.	  Considering	  the	  wide	  range	  of	  critical	  and	  sometimes	  overlapping	  functions	  served	  by	  NudE	  and	  NudEL,	  it	  is	  unlikely	  that	  the	  Nde1	  null	  mouse	  would	  be	  viable	  unless	  compensation	  or	  NudEL	  upregulation	  were	  occurring.	  The	  authors	  of	   the	   study	  also	  discuss	   the	  possibility	  that	  adequate	  NudEL	  compensation	  may	  be	  occurring	   in	  other	   tissues	   in	   the	  Nde1	  null	  mutant,	   since	  normal	  development	  occurs	   elsewhere	   in	   the	  mouse	   (Feng	   and	  Walsh,	   2004).	   This	   could	   also	   be	   the	   case	   in	   the	   brain,	  where	  NudEL	   levels	   could	  allow	  for	  partial	  compensation.	  However,	   the	  strong	  expression	  of	  NudE	   in	   the	  VZ	  during	  development	  and	  the	  microcephalic	  phenotype	  of	  the	  null	  mutant	  suggest	  a	  critical	  role	  for	  NudE	  in	  neural	  progenitor	  proliferation,	  either	  because	  NudE	  is	  the	  predominant	   paralog	   expressed	   in	   these	   cells	   at	   that	   developmental	   stage,	   or	  because	  NudE	  has	  evolved	  to	  serve	  a	  very	  specific	  function	  in	  these	  cells.	  Similarly,	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the	   embryonic	   lethality	   of	   the	   Ndel1	   null	   mouse	   could	   mean	   that	   NudEL	   has	   a	  specific,	  indispensible	  role	  in	  early	  development	  that	  cannot	  be	  compensated	  for	  by	  whatever	  NudE	  levels	  may	  be	  present.	  The	   authors	   also	   show	   that	   there	   is	   an	   increase	   in	   the	   VZ	   mitotic	   index,	  suggesting	   a	   metaphase/anaphase	   delay	   or	   arrest	   (Feng	   and	   Walsh,	   2004).	   In	  addition,	  phospho-­‐histone	  H3	  staining	  reveals	  aberrantly	  positioned	  mitotic	  nuclei	  throughout	   the	   VZ,	   instead	   of	   predominantly	   confined	   to	   the	   ventricular	   surface	  (Feng	   and	   Walsh,	   2004).	   However,	   it	   is	   unclear	   whether	   these	   cells	   are	   in	   fact	  RGPCs,	   since	   co-­‐staining	   with	   a	   RGPC	   specific	   marker	   was	   not	   done	   and	  morphologically,	  the	  shape	  of	  the	  cell	  body	  cannot	  be	  determined	  (Feng	  and	  Walsh,	  2004).	   Upon	   closer	   examination,	   it	   appears	   that	   a	   significant	   proportion	   of	   the	  mispositioned	   nuclei	   accumulate	   in	   a	   region	   below	   what	   has	   been	   arbitrarily	  demarcated	   as	   the	   basal	   boundary	   of	   the	   VZ.	   If	   these	   are	   in	   fact	   RGPCs,	   it	   would	  indicate	  an	  uncoupling	  of	  cell	  cycle	  stage	  and	  nuclear	  position,	  as	  is	  claimed	  by	  the	  authors	   (Feng	   and	   Walsh,	   2004).	   They	   conclude	   that	   this	   indicates	   insufficient	  regulation	   of	   the	   mitotic	   spindle	   apparatus,	   since	   the	   mitotic	   spindle	   controls	  chromosome	   position	   and	   alignment.	   However,	   they	   do	   not	   account	   for	   the	  abnormal	   basal	   nuclear	   position	   that	   preceded	   mitotic	   entry.	   An	   alternative,	   or	  additional,	   view	   is	   that	   these	   cells	   were	   arrested	   in	   apical	   INM	   and	   eventually	  entered	  mitosis	  at	  their	  basal	  location.	  Another	  possibility	  is	  that	  these	  mitotic	  cells	  are	  actually	  intermediate	  progenitors	  undergoing	  mitosis	  at	  their	  usual	  position.	  Similar	   results	   come	   from	   an	   unexpected	   quarter.	   A	   study	   in	   zebrafish	  dynactin	  mutants	   concludes	   that	   aberrant	   INM	   in	   retinal	   progenitors	   results	   in	   a	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smaller	  eye	  (Del	  Bene	  et	  al.,	  2008).	  This	  is	  analogous	  to	  microcephaly	  resulting	  from	  
Nde1	  mutation	  (Feng	  and	  Walsh,	  2004).	  In	  the	  zebrafish	  mutant,	  retinal	  progenitors	  migrate	   faster	   and	   further	   than	   normal	   during	   basal	   INM,	   and	  moderately	   slower	  during	  apical	   INM.	  The	  authors	  correlate	   this	   to	  reduced	  exposure	   to	  Notch	  at	   the	  apical	   side,	  which	   leads	   to	  premature	   cell	   cycle	  exit	   and	  an	   increase	   in	  early	  born	  retinal	  ganglion	  cells	  at	  the	  expense	  of	  later	  born	  neurons.	  The	  major	  conclusion	  is	  that	  INM	  controls	  proliferation	  by	  regulating	  exposure	  to	  a	  gradient	  of	  signals	  that	  are	  responsible	  for	  stem	  cell	  maintenance.	  In	  the	  case	  of	  the	  Nde1	  null	  mouse,	   it	   is	  possible	   that	   a	   similar	   mechanism	   is	   also	   responsible	   for	   the	   early	   neurogenic	  divisions	   and	   loss	   of	   progenitors.	   If	   apical	   INM	   is	   disrupted	   because	   of	   the	  Nde1	  mutation,	  RGPCs	   in	   the	  mouse	  VZ	  would	  have	   less	  exposure	   to	  Notch.	  Since	  Notch	  signaling	   is	   critical	   for	   stem	   cell	   maintenance,	   and	   downregulation	   of	   Notch	   is	  required	  for	  eventual	  neuronal	  differentiation,	  this	  would	  explain	  the	  loss	  of	  neural	  progenitors	  in	  the	  mouse	  VZ	  and	  subsequent	  decrease	  in	  later	  born	  neurons.	  
Multipolar	  stage	  	   A	  number	  of	  genes	  implicated	  in	  neuronal	  migration	  diseases	  are	  involved	  in	  the	  multipolar	  to	  bipolar	  transition	  of	  post-­‐mitotic	  neurons	  in	  the	  cortex,	  including	  Cdk5,	  LIS1,	  and	  DCX	  (Tsai	  et	  al.,	  2005;	  LoTurco	  and	  Bai,	  2006;	  Ohshima	  et	  al.,	  2007;	  Bai	  et	  al.,	  2008).	  Axon	  specification	  and	  leading	  process	  formation	  occur	  during	  the	  multipolar	   stage,	   both	   of	   which	   are	   critical	   to	   establishing	   neuronal	   polarity	   and	  neuronal	  migration.	  We	  show	  here	  that	  under	  conditions	  of	  NudE	  or	  NudEL	  RNAi,	  the	  major	  arrest	  of	  cells	  occurs	   in	   the	  multipolar	  stage	   in	   the	   IZ.	  NudE	  and	  NudEL	  
	   64	  
are	   known	   to	   interact	  with	   Cdk5	   and	   LIS1,	   and	   therefore	   it	   is	   not	   surprising	   that	  additional	  proteins	  in	  these	  pathways	  arrest	  cells	  at	  the	  same	  stage.	  	   NudE	   and	   NudEL	   could	   be	   causing	   this	   arrest	   in	   a	   number	   of	   ways.	   One	  possibility	   is	   that	   cells	   depleted	   of	   either	   protein	   are	   unable	   to	   effect	   proper	  microtubule	   rearrangements	   necessary	   to	   bring	   about	   such	   drastic	  morphological	  changes.	   However,	   minor	   changes	   remain	   unaffected,	   since	   dynamic	   neurite	  extension	   and	   retraction	   are	   observed	   in	   RNAi	   treated	   cells.	   Regulation	   of	  centrosome	  behavior	  during	  this	  stage	  could	  also	  contribute	  to	  the	  observed	  block,	  since	  it	  has	  been	  suggested	  that	  centrosome	  motility	  and	  position	  are	  necessary	  for	  axon	   formation,	   and	   that	   centrosome	   reorientation	   toward	   the	   pia	   occurs	   during	  leading	  process	  formation	  (de	  Anda	  et	  al.,	  2005;	  2010).	  Inhibiting	  NudE	  and	  NudEL	  in	  other	  systems	  has	  been	  shown	   to	  prevent	  centrosome	  movement.	  For	  example,	  NudE/EL	  antibody	  injection	  prevents	  centrosome	  reorientation	  toward	  the	  leading	  edge	  during	  wound	  healing	  assays	  in	  migrating	  fibroblasts	  (Stehman,	  2008).	  
Neuronal	  migration	  	   In	   the	   case	   of	   NudEL	   RNAi,	   we	   find	   that	   a	   small	   percentage	   of	   cells	   do	  undergo	   the	   multipolar	   to	   bipolar	   transition,	   but	   are	   then	   blocked	   during	  subsequent	  migration.	  Live	  cell	   imaging	  revealed	  that	  eventually,	  both	  centrosome	  and	   nuclear	   movements	   are	   arrested,	   although	   initially	   the	   centrosome	   attempts	  forward	  movements.	  This	  is	  reminiscent	  of	  what	  has	  been	  observed	  for	  LIS1	  RNAi	  in	  these	  cells	  (Tsai	  et	  al.,	  2007).	  Similarly,	  NudE	  and	  NudEL	  are	  most	  likely	  controlling	  the	  forward	  movement	  of	  the	  centrosome	  and	  nucleus.	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   The	   leading	   processes	   of	   cells	   depleted	   of	   NudEL	   displayed	   abnormal	  morphology.	   Factors	   that	   contribute	   to	  microtubule	   stability	   and	   organization	   are	  known	  to	  regulate	  leading	  process	  dynamics	  in	  migrating	  neurons.	  The	  reduction	  of	  one	   such	   factor,	   p600,	   results	   in	   leading	   process	   abnormalities	   which	   are	   highly	  reminiscent	   of	   what	  we	   observe	   for	   NudEL	   RNAi.	   p600	   RNAi	   also	   causes	   leading	  processes	  to	  be	  much	  thinner,	  with	  a	  characteristic	  “zigzag”	  appearance	  (Shim	  et	  al.,	  2008).	   It	   is	   postulated	   that	   p600	   serves	   as	   a	   stabilizing	   microtubule-­‐associated	  protein	   (Shim	   et	   al.,	   2008).	   Considering	   the	   well-­‐established	   role	   NudEL	   has	   in	  microtubule	  organization,	  it	  is	  quite	  likely	  that	  it	  is	  regulating	  microtubule	  behavior	  during	  leading	  process	  formation	  and	  maintenance.	  The	  fact	  that	  leading	  processes	  in	  NudEL	  RNAi	  cells	  are	  longer	  than	  in	  control	  cells	  suggests	  that	  process	  extension	  is	   occurring	   in	   the	   absence	   of	   subsequent	   somal	   translocation,	   similar	   to	  what	   is	  observed	   for	   LIS1	  RNAi	   (Tsai	   et	   al.,	   2005).	  Normally,	   saltatory	   nuclear	  movement	  would	  follow	  process	  extension	  (Nadarajah	  et	  al.,	  2001).	  In	   addition,	   NudEL	  may	   also	   be	   regulating	   process-­‐glia	   attachment.	   Under	  NudEL	   RNAi	   conditions,	   the	   presence	   of	   highly	   convoluted	   leading	   processes	  interspersed	  with	  regions	  of	  vertical	  alignment	  suggests	  that	  one	  migrating	  neuron	  is	   forming	   attachments	   with	   multiple	   glial	   fibers.	   This	   could	   occur	   if	   a	   leading	  process	   were	   unable	   to	   maintain	   a	   sufficiently	   strong	   attachment	   to	   an	   adjacent	  fiber.	   A	   loss	   of	   adhesion	   to	   radial	   glial	   fibers	  may	   also	   contribute	   to	   the	   neuronal	  positioning	  defect	  seen	  in	  cells	  depleted	  of	  NudEL.	  It	  has	  been	  shown	  that	  a	  complex	  of	   LIS1	   and	   NudE	   interacts	   with	   and	   stabilizes	   the	   dystrophin/dystroglycan	  glycoprotein	   complex	   and	   thereby	   serves	   to	   link	   the	   cytoskeleton	   to	   the	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extracellular	  matrix	  of	  RGPCs	  (Pawlisz	  and	  Feng,	  2011).	  This	  linkage	  is	  shown	  to	  be	  necessary	  for	  normal	  cell-­‐cell	  adhesion	  between	  RGPCs	  and	  to	  maintain	  their	  overall	  shape	  and	  structure	  (Pawlisz	  and	  Feng,	  2011).	  Similarly,	  NudEL	  may	  be	  functioning	  in	  migrating	  neurons	  by	  stabilizing	  the	  interaction	  between	  cytoskeletal	  elements	  of	  migrating	  neurons	  and	  extracellular	  components	  of	  radial	  glial	  fibers.	  The	   absence	  of	   a	   swelling	   ahead	  of	   the	  nucleus	   in	  NudEL	  RNAi	   transfected	  cells	   is	  particularly	   interesting.	   It	   could	   indicate	  a	  deficiency	   in	   the	   recruitment	  of	  factors	   necessary	   for	   centrosomal	   and	   nuclear	   migration.	   Dynein	   is	   known	   to	   be	  concentrated	   at	   the	   swelling,	   and	   presumably	   acts	   upon	   microtubules	   from	   this	  location	  (Tsai	  et	  al.,	  2007).	  In	  LIS1	  or	  dynein	  RNAi	  transfected	  cells,	  this	  swelling	  is	  still	   present,	   suggesting	   that	   swelling	   formation	   and/or	   recruitment	   of	   factors	   to	  this	  region	  is	  not	  under	  LIS1	  and	  dynein	  control	  (Tsai	  et	  al.,	  2007).	  The	  absence	  of	  the	   swelling	   in	  NudEL	  RNAi	   transfected	   cells	   could	  mean	   it	   has	   a	   role	   in	   swelling	  formation	   and	  maintenance,	   and	   possibly	   recruitment	   of	   dynein	   and	   LIS1	   to	   this	  site.	  
Partial	  redundancy	  of	  NudE	  and	  NudEL	  	   One	   of	   the	   aims	   of	   this	   thesis	   has	   been	   to	   understand	   the	   specificity	   with	  which	  NudE	   and	  NudEL	   function,	   and	  whether	   they	   serve	   distinct	   or	   overlapping	  roles	   in	   neuronal	   development.	   To	   this	   end,	   one	   goal	   was	   to	   determine	   whether	  NudE	  and	  NudEL	  can	  compensate	   for	  one	  another	  during	  neuronal	  migration.	  The	  inhibition	   of	   the	  migration	   of	   bipolar	   neurons	   into	   the	  CP	   caused	  by	  NudEL	  RNAi	  was	   rescued	   by	   NudE	   overexpression,	   suggesting	   that	   in	   at	   least	   one	   aspect	   of	  neocortical	   development,	   compensation	   is	   possible.	   This	   implies	   functional	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redundancy	  between	  the	  two	  proteins,	  and	  provides	  further	  evidence	  that	  for	  some	  cellular	   functions,	   the	   roles	   of	   NudE	   and	   NudEL	   may	   depend	   more	   on	   their	  expression	  profiles	  at	  any	  given	  developmental	  stage	   in	  a	  particular	  cell	   type	   than	  on	  unique	  and	  specific	  functions.	  Further	  experimental	  evidence	  will	  be	  required	  to	  determine	  whether	  this	  functional	  redundancy	  is	  conserved	  for	  the	  rescue	  of	  NudE	  RNAi	  as	  well.	  To	  this	  end,	  NudEL	  overexpression	  can	  be	  used	  to	  attempt	  rescue	  of	  NudE	  RNAi.	  
METHODS	  
RNAi	  shRNA	   constructs	   were	   designed	   to	   target	   internal	   gene	   sequences	   against	   NudE	  and	  NudEL	   and	   obtained	   from	  Cellogenetics,	   Inc.	   The	   sequences	   are	   conserved	   in	  both	  mouse	  and	  rat.	  The	  target	  sequence	  for	  NudE	  is	  5’-­‐GCGTTTGAATCAAGCCATTGA-­‐3’.	  The	  target	  sequence	  for	  NudEL	  is	  5’-­‐GATGGTGAAGATATACCGGAT-­‐3’.	  	  
DNA	  mCherry-­‐NudE	  was	  cloned	  by	  inserting	  the	  cDNA	  for	  mNudE	  into	  mCherry-­‐C1.	  RNAi	  insensitive	   NudE	   constructs	   were	   made	   by	   introducing	   3	   silent	   mutations	   in	   the	  region	   targeted	   by	   the	   RNAi	   using	   site-­‐directed	  mutagenisis.	   Untagged	   NudE	  was	  cloned	  into	  a	  CAG	  vector.	  
Validating	  knockdown	  Rat2	   cells	   cultured	   in	   DMEM	   supplemented	  with	   10%	   FBS	  were	   transfected	  with	  shRNAs	  agasint	  NudE	  and	  NudEL	  using	  Effectene	  and	  collected	  48	  hours	  later.	  FACS	  was	  used	  to	  isolate	  GFP	  positive	  cells,	  which	  were	  subsequently	  lysed.	  Purified	  cell	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lysates	  in	  both	  cases	  were	  analyzed	  on	  a	  polyacrylamide	  gel,	  transferred	  to	  a	  PVDF	  membrane	  and	  incubated	  with	  antibodies	  to	  NudE/EL	  and	  tubulin.	  
In	  utero	  electroporation	  An	   E16	   gravid	   rat	   was	   anesthetized	   via	   intraperitoneal	   injection	   of	   a	   mix	   of	  ketamine	  (75-­‐95	  mg/kg)	  and	  xylazine	  (5	  mg/kg).	  The	  abdominal	  cavity	  was	  opened	  and	   the	   uterine	   horn	   carefully	   transilluminated	   with	   a	   fiber	   optic	   light	   source	   to	  identify	   the	   cerebral	   ventricles.	   DNA	  was	  mixed	  with	   a	   colored	   non-­‐toxic	   dye	   for	  easy	  visualization	  and	  1-­‐2	  µg	  of	   each	  DNA	  was	   injected	   into	   the	  ventricular	   space	  using	   a	   finely	  pulled	   glass	   capillary	  pipet.	   Electrodes	  were	   applied	   to	   the	   external	  wall	   of	   the	   uterine	   horn	   outside	   the	   embryo’s	   head	   and	   pulsed	   five	   times	   for	   1	  second	   each	   using	   50	  mV.	   The	   positive	   electrode	  was	   aligned	  with	   the	   head	   such	  that	  negatively	   charged	  DNA	  would	  be	   taken	  up	  by	   the	  cells	   lining	   the	  ventricular	  surface	   of	   the	   cortex.	   Antibiotics	   dissolved	   in	   PBS	   were	   placed	   in	   the	   abdominal	  cavity	  of	  the	  dam.	  Finally,	  the	  muscular	  abdominal	  wall	  and	  the	  outer	  epidermis	  of	  the	  dam	  were	  sutured	  and	  stapled	  respectively	  before	  placing	  the	  rat	  on	  a	  mild	  heat	  source	  for	  recovery.	  Rats	  were	  monitored	  every	  day	  post	  surgery	  until	  the	  desired	  developmental	  time	  point.	  
Perfusion	  To	  examine	  the	  embryos	  at	  the	  desired	  time	  point	  after	  electroporation,	  the	  gravid	  rat	   was	   anesthetized	   again	   as	   described	   above	   and	   her	   abdomen	   re-­‐opened.	   The	  embryo	  was	  removed	  and	  perfused	  transcardially.	  The	  right	  atrium	  of	  the	  heart	  was	  cut	  open	  and	  approximately	  3	  mL	  of	  PBS	  was	   injected	   into	   the	   left	   ventricle.	  This	  was	   followed	   by	   perfusion	   of	   approximately	   3	   mL	   of	   4%	   PFA.	   The	   embryo	   was	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decapitated	  following	  perfusion	  and	  its	  brain	  carefully	  removed	  from	  the	  skull.	  The	  brain	  was	  placed	  in	  4%	  PFA	  overnight,	  then	  sliced	  into	  75-­‐100	  µm	  sections	  using	  a	  Leica	  vibrating	  blade	  microtome.	  
Immunohistochemistry	  Free-­‐floating	  brain	  sections	  were	  permeabilized	  and	  blocked	  for	  1	  hour	  using	  0.3%	  Triton	   X-­‐100	   and	   1%	   NDS	   in	   PBS.	   Incubation	   of	   brain	   sections	   with	   primary	  antibodies	  applied	  at	  1:100	  was	  carried	  out	  overnight	  at	  4	  °C.	  Following	  washes	  in	  PBS,	   incubation	  with	   fluorescently	   conjugated	   secondary	   antibodies	   at	   1:200	  was	  carried	   out	   for	   1	   hour	   at	   room	   temperature.	   Sections	   were	   washed	   in	   PBS	   and	  mounted	  onto	  slides	  using	  Aqua-­‐Poly/Mount.	  The	   following	  antibodies	  were	  used:	  
β3-­‐tubulin	  (Tuj1),	  phospho-­‐Histone	  H3,	  Tbr2,	  Pax6,	  Tbr1,	  and	  NudE/EL.	  
Cortical	  slice	  culture	  and	  live	  cell	  imaging	  For	  live	  organotypic	  slice	  culture,	  embryonic	  rat	  brains	  were	  collected	  at	  the	  desired	  time	   post	   electroporation	   as	   described	   above,	   except	   that	   no	   perfusion	   was	  performed.	   Brains	   were	   placed	   in	   4%	   agarose	   in	   ACSF.	   The	   agarose	   was	   quickly	  cooled	  on	  ice	  till	  solid,	  and	  350-­‐400	  µm	  thick	  brain	  sections	  were	  cut.	  Sections	  were	  transferred	  onto	  a	  permeable	  membrane	  filter	  placed	  in	  cortical	  slice	  culture	  media	  on	  a	  glass-­‐bottom	  dish.	  Brain	  sections	  were	  imaged	  on	  this	  dish	  in	  an	  environmental	  chamber	  maintained	  at	  37	  °C	  and	  5%	  CO2.	  Images	  were	  acquired	  every	  10	  minutes	  for	  up	  to	  18	  hours.	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INTRODUCTION	  
	   In	  the	  course	  of	  this	  study,	  we	  set	  out	  to	  identify	  a	  possible	  role	  for	  NudE/EL	  in	  establishing	  neuronal	  polarity.	   	  Through	   localization,	  overexpression,	  and	  RNAi,	  we	   found	   that	   NudE/EL	   serves	   as	   an	   early	   marker	   of	   neuronal	   polarity	   and	   is	  necessary	  but	  not	  sufficient	  for	  axon	  formation	  and	  normal	  neuronal	  polarization.	  
Neuronal	  polarity	  The	   entire	   function	   of	   a	   neuron	   depends	   on	   the	   establishment	   and	  maintenance	   of	   its	   polarity.	   Morphologically,	   this	   polarity	   is	   reflected	   in	   the	  existence	  of	  a	  single,	   long	  axon	  and	  multiple	  branched	  dendrites.	  The	  specification	  of	   one	   neurite	   as	   the	   axon,	   distinct	   from	   other	   neurites,	   is	   seen	   as	   the	   critical	  polarization	   event.	   A	   vast	   field	   of	   study	   focuses	   on	   the	   events	   that	   determine	  neuronal	  polarity,	  with	  the	  major	  findings	  pointing	  to	  highly	  coordinated	  interplay	  between	  extracellular	  signals	  and	  intrinsic	  cell	  polarity	  pathways	  that	  result	  in	  axon	  specification.	  Most	  studies	  examining	  neuronal	  polarization	  have	  been	  conducted	   in	  vitro	  using	   primary	   cultured	   neurons.	   Early	   work	   from	   Gary	   Banker’s	   lab	   detailed	   the	  morphological	   changes	   associated	   with	   neuronal	   polarization	   in	   cultured	  hippocampal	   neurons	   from	   E18	   rat	   embryos	   (Dotti	   et	   al.,	   1988).	   Based	   on	   the	  observations,	  these	  morphological	  changes	  were	  categorized	  into	  five	  stages,	  which	  can	   be	   seen	   in	   Fig.	   3-­‐1.	   These	   stages	   have	   become	   the	   standard	   for	   assessing	  hippocampal	   neuronal	   development.	   Stage	   1	   occurs	  within	   a	   few	  hours	   of	   plating	  dissociated	  neurons	  onto	  poly-­‐L-­‐lysine	   coated	   glass,	   as	   the	   adhered	  neurons	   form	  dynamic	  lamellipodia	  and	  filopodia	  surrounding	  the	  nucleus.	  The	  transition	  to	  Stage	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2	  occurs	  within	  a	  day	  after	  plating,	  when	  distinct	  neuritic	  processes	  form	  from	  the	  lamellipodia	  and	  filopodia,	  which,	  in	  a	  few	  hours,	  grow	  to	  10-­‐15	  µm	  in	  length.	  At	  this	  point,	  between	  Stage	  2	  and	  Stage	  3,	  the	  crucial	  step	  of	  axon	  specification	  occurs,	  and	  Stage	  3	  commences	  a	  day	  or	  two	  after	  plating	  with	  the	  rapid	  outgrowth	  of	  one	  of	  the	  neurites,	   which	   becomes	   the	   axon.	   Stage	   4	   occurs	   two	   or	   three	   days	   after	   axonal	  outgrowth	   when	   other	   neurites	   grow	   and	   develop	   into	   dendrites.	   Neuronal	  maturation	  and	  completion	  of	  growth	  is	  termed	  Stage	  5.	  	  
	  
	   	  
Figure	  3-­‐1.	  The	  five	  stages	  of	  hippocampal	  neuron	  development	  in	  vitro.	  Stage	   1	   occurs	   within	   a	   few	   hours	   of	   plating.	   Neurons	   form	   dynamic	  lamellipodia	   and	   filopodia	   surrounding	   the	   nucleus.	   In	   about	   half	   a	   day,	   the	  transition	   to	   Stage	   2	   occurs	   when	   distinct	   neuritic	   processes	   form.	   Stage	   3	  commences	  a	  day	  or	  two	  after	  plating	  with	  the	  rapid	  outgrowth	  of	  one	  of	  the	  neurites,	  which	  becomes	  the	  axon.	  Stage	  4	  occurs	  approximately	  4	  days	  after	  plating,	  when	  the	  minor	  neurites	  grow	  and	  develop	   into	  dendrites.	  Neuronal	  maturation	   and	  completion	  of	   growth	   is	   termed	  Stage	  5.	   Figure	   reproduced	  from	  Dotti	  et	  al.,	  1988. 
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Axon	  specification	  Axon	   specification	   in	   cultured	   hippocampal	   neurons	   occurs	   at	   some	   point	  between	  Stage	  2	  and	  Stage	  3.	  Several	  proteins	  have	  been	  implicated	  in	  this	  process.	  Traditionally,	  there	  are	  two	  primary	  ways	  in	  which	  to	  identify	  proteins	  involved	  in	  axon	   specification	   –	   either	   by	   reducing	   protein	   levels	   by	   RNAi	   or	   gene	   targeted	  knockout,	   or	   conversely,	   by	   overexpressing	   the	   protein	   and	   then	   determining	   the	  effect	  such	  alteration	  has	  on	  axon	  formation.	  Reducing	  protein	  levels	  and	  seeing	  an	  effect	   on	   axon	   formation	   can	   provide	   clues	   regarding	   that	   particular	   protein’s	  involvement,	  but	   it	  cannot	  rule	  out	  the	  possibility	  that	  the	  protein	  is	  necessary	  for	  axon	   outgrowth	   rather	   than	   specification,	   which	   is	   the	   true	   polarity	   establishing	  step.	  Overexpression	  that	  leads	  to	  an	  alteration	  in	  axon	  numbers,	  either	  by	  forming	  supernumerary	  axons	  or	  abolishing	  axon	  formation	  altogether	  can	  provide	  further	  evidence	  that	  the	  protein	  is	  involved	  in	  specification	  and	  may	  be	  an	  actual	  polarity	  factor.	  
Centrosome	  and	  polarity	  	   A	  major	  finding	  in	  the	  field	  of	  neuronal	  polarity	  has	  been	  the	  establishment	  of	  a	  link	  between	  centrosome	  position	  and	  axon	  formation	  (de	  Anda	  et	  al.,	  2005).	  It	  was	   found	  that	   the	  position	  of	   the	  centrosome	  determined	  the	   location	  of	   the	   first	  neurite	  formed	  after	  plating	  of	  hippocampal	  neurons	  in	  culture,	  and	  that	  it	  was	  this	  first	  neurite	   that	  eventually	  became	  the	  axon	  (de	  Anda	  et	  al.,	  2005).	   In	  developing	  neurons	   in	   vivo,	   it	   was	   observed	   that	   centrosome	  motility	   was	   required	   for	   axon	  formation	  (de	  Anda	  et	  al.,	  2010).	  The	  centrosome	  was	  seen	  to	  reorient	  itself	  apically	  at	  the	  multipolar	  stage	  before	  axon	  formation	  commenced	  (de	  Anda	  et	  al.,	  2010).	  It	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is	   unclear,	   however,	   if	   this	   mechanism	   is	   conserved	   in	   all	   cell	   types,	   since	   axon	  formation	   is	   known	   to	   occur	   in	   the	   absence	   of	   centrosomes	   (Basto	   et	   al.,	   2006).	  Additionally,	   it	   is	   possible	   that	   axon	   specification	   precedes	   centrosome	  reorientation,	  but	  that	  the	  centrosome	  has	  a	  role	  in	  axon	  outgrowth	  nonetheless.	  
PI3K	  and	  Par3-­‐Par6-­‐aPKC	  A	   major	   polarity	   factor	   thus	   identified	   is	   the	   Par3-­‐Par6-­‐aPKC	   complex	   in	  conjunction	  with	  PI3K	  signaling	  (Shi	  et	  al.,	  2003).	  PI3K	  activity	  is	  particularly	  high	  in	  the	  newly	  specified	  axon	   tip	  of	  a	  Stage	  3	  neuron,	  and	   this	  activity	   is	  necessary	   for	  Par3	  localization,	  PIP3	  accumulation,	  and	  axon	  formation	  (Shi	  et	  al.,	  2003;	  Ménager	  et	  al.,	  2004).	  PIP3	  accumulation	  is	  thought	  to	  be	  necessary	  for	  neuronal	  polarization	  and	  axon	  formation	  (Ménager	  et	  al.,	  2004).	  Par3	  preferentially	  localizes	  to	  the	  axon	  in	  Stage	  3	  neurons,	  before	  which	  it	  is	  present	  in	  all	  the	  neurites	  (Shi	  et	  al.,	  2003).	  Overexpression	  of	  either	  Par3	  or	  Par6,	  or	  chemical	   inhibition	  of	  aPKC,	   results	   in	   lack	  of	  axon	   formation	  (Shi	  et	  al.,	  2003).	  Another	  PI3K	  interacting	  protein,	  Shootin1,	  has	  been	  implicated	  in	  axon	  formation	  by	  regulating	  PI3K	  (Toriyama	  et	  al.,	  2006).	  PI3K	  is	  known	  to	  activate	  Cdc42,	  another	  polarity	   factor,	   which,	   when	   overexpressed,	   results	   in	   the	   formation	   of	  supernumerary	  axons	   (Schwamborn	  and	  Püschel,	  2004).	  Activated	  Cdc42,	   in	   turn,	  binds	   Par6	   and	   activates	   aPKC	   (Nishimura	   et	   al.,	   2005).	   Taken	   together,	   these	  results	   suggest	   a	   critical	   role	   for	   PI3K	   and	   its	   downstream	   effectors	   in	   neuronal	  polarization.	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Polarity	  and	  the	  cytoskeleton	  A	   unique	   feature	   of	   axons	   is	   that	   they	   contain	   microtubules	   of	   generally	  uniform	  polarity,	  with	  plus	  ends	  distal	  to	  the	  soma.	  This	  is	  in	  contrast	  to	  dendrites,	  which	   contain	   microtubules	   of	   mixed	   polarity.	   Distinct	   subsets	   of	   microtubule	  associated	  proteins	  (MAPs)	  are	  found	  in	  axons	  and	  dendrites.	  Tau	  is	  predominantly	  found	  in	  axons,	  while	  MAP2	  is	  present	  in	  dendrites.	  A	   common	   theme	   among	   pathways	   and	   players	   identified	   thus	   far	   in	  establishing	   neuronal	   polarity	   is	   the	   convergence	   upon	   alterations	   in	   cytoskeletal	  dynamics	   as	   a	   final	   step	   toward	   neuronal	   polarization.	   Microtubule	   and	   actin	  dynamics	   in	   particular,	   have	   well	   characterized	   roles	   in	   axonal	   outgrowth.	  Prominent	  work	   in	   this	   area	   has	   identified	  microtubule	   stabilization	   as	   necessary	  and	  sufficient	   to	  confer	  axonal	   identity	  upon	  a	  Stage	  2	  neurite	  (Witte	  et	  al.,	  2008).	  The	  authors	  demonstrate	   that	  a	  single	  neurite	  of	  a	  Stage	  2	  hippocampal	  neuron	   is	  enriched	   for	   stable	   microtubules,	   and	   that	   this	   enrichment	   is	   also	   present	   in	   the	  axon	  (Witte	  et	  al.,	  2008).	  Global	  application	  of	  taxol	  as	  a	  chemical	  means	  to	  stabilize	  microtubules	   results	   in	   multiple	   axon	   formation,	   whereas	   the	   use	   of	   photo-­‐activatable	  caged	  taxol	  to	  locally	  stabilize	  microtubules	  in	  one	  neurite	  results	  in	  that	  neurite	  becoming	  the	  axon	  (Witte	  et	  al.,	  2008).	  It	   has	   been	   postulated	   that	   there	   is	   a	   length	   dependence	   for	   naturally	  occurring	  microtubule	  stability	  in	  the	  axon,	  and	  that	  the	  longer	  the	  axon,	  the	  more	  stable	   the	   microtubules	   present	   in	   the	   axon	   shaft	   (Kollins	   et	   al.,	   2009).	   Neurite	  outgrowth	  is	  thought	  to	  be	  necessary	  for	  axon	  specification	  to	  occur,	  and	  this	  may	  be	   a	   consequence	   of	   localized	   regions	   of	   microtubule	   stability	   within	   the	   neurite	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once	  it	  reaches	  a	  critical	  length	  (Yamamoto	  et	  al.,	  2012).	  When	  Stage	  2	  neurons	  are	  physically	  restricted	   in	  their	  ability	  to	  extend	  neurites,	  polarization	  as	  assessed	  by	  the	  presence	  of	   axon	  markers	  does	  not	  occur	   (Yamamoto	  et	   al.,	   2012).	   It	   has	   also	  been	   shown	   that	   allowing	   only	   one	   neurite	   to	   grow	   forces	   it	   to	   become	   the	   axon	  (Yamamoto	   et	   al.,	   2012).	   The	   authors	   conclude	   that	   neurite	   outgrowth	   precedes	  axon	  specification,	  the	  hypothesis	  being	  that	  length	  dependent	  microtubule	  stability	  would	  allow	  for	  transport	  of	  polarity	  factors	  into	  this	  neurite	  via	  kinesin,	  which	  has	  a	   preference	   for	   stable	   microtubules.	   This	   is	   an	   intriguing	   model,	   however,	   the	  authors	   did	   not	   gauge	   whether	   specification	   had	   already	   occurred	   by	   the	   use	   of	  early	  markers	  such	  as	  PMGS	  or	  phospho-­‐TrkA.	  
Early	  markers	  of	  neuronal	  polarity	  Proteins	   that	   have	   been	   identified	   as	   polarity	   factors	   can	   often	   be	   used	   as	  early	  markers	  for	  axon	  specification	  if	  their	  subcellular	  localization	  corresponds	  to	  the	   neurite	   that	   becomes	   the	   axon.	   Two	   such	   factors	   are	   plasma	   membrane	  glanglioside	  sialidase	  (PMGS)	  and	  phospho-­‐TrkA.	  PMGS	  activity	  was	  initially	  found	  to	   be	   necessary	   for	   axon	   elongation	   (Rodriguez	   et	   al.,	   2001).	   Subsequent	   work	  identified	  it	  as	  an	  actual	  polarity	  factor	  that	  specified	  axonal	  fate	  by	  influencing	  actin	  dynamics	  (Da	  Silva	  et	  al.,	  2005).	  Overexpression	  of	  PMGS	  leads	  to	  the	  formation	  of	  one	  axon	  that	   is	   longer	  than	  normal,	  while	  reducing	  PMGS	   levels	  causes	  defects	   in	  axon	  formation	  (Da	  Silva	  et	  al.,	  2005).	  PMGS	  preferentially	   localizes	  to	  one	  neurite	  prior	   to	   axon	   outgrowth,	  where	   it	   enhances	   TrkA	   activity	   leading	   to	   inhibition	   of	  RhoA	   signaling	   and	   therefore	   actin	   destabilization,	   which	   is	   necessary	   for	   axon	  
	   77	  
formation	  (Da	  Silva	  et	  al.,	  2005).	  As	  a	  result,	  PMGS	  and	  phospho-­‐TrkA	  can	  be	  used	  as	  spatio-­‐temporal	  markers	  for	  early	  neuronal	  polarity	  and	  axon	  specification.	  
NudEL	  and	  axon	  outgrowth	  Both	  NudEL	  and	  LIS1	  RNAi	  have	  been	  shown	  to	  inhibit	  axon	  elongation	  in	  rat	  hippocampal	  neurons	  (Grabham	  et	  al.,	  2007;	  Taya	  et	  al.,	  2007).	  Work	  from	  our	  lab	  has	   identified	  dynein	   and	  LIS1	   as	   key	   regulators	   of	   growth	   cone	  dynamics	  during	  axon	  elongation	  (Grabham	  et	  al.,	  2007).	  Using	  laminin	  to	  induce	  axon	  outgrowth,	  it	  was	   found	   that	   dynein,	   LIS1	   and	   dynactin	   all	   rapidly	   accumulated	   at	   the	   leading	  edge	   of	   the	   growth	   cone	   upon	   laminin	   application	   (Grabham	   et	   al.,	   2007).	   Acute	  inhibition	  of	  either	  dynein	  or	  LIS1	  by	  antibody	  injection	  abolished	  axon	  outgrowth	  and	   altered	   microtubule	   dynamics	   (Grabham	   et	   al.,	   2007).	   In	   dynein	   antibody	  injected	   neurons,	   microtubules	   were	   unable	   to	   effectively	   invade	   the	   peripheral	  zone	   of	   the	   growth	   cone,	   thereby	   preventing	   the	   axon	   from	   growing	   forward	  (Grabham	  et	  al.,	  2007).	   In	  addition	  to	   its	  effect	  on	  axon	  elongation,	  LIS1	  RNAi	  also	  delayed	  neuronal	  polarization	  and	  altered	  axon	  morphology,	  with	  neurons	  having	  a	  wider	  distal	  axon	  containing	  microtubules	  that	  appeared	  less	  bundled	  (Grabham	  et	  al.,	   2007).	   These	   results	   lead	   to	   a	   model	   whereby	   dynein	   and	   LIS1	   facilitate	  microtubule	  invasion	  into	  the	  periphery	  of	  the	  growth	  cone	  and	  stabilization	  against	  retrograde	  actin	  flow,	  acting	  from	  sites	  within	  the	  cortex.	  Inhibition	   of	   another	   dynein	   interacting	   protein,	   doublecortin	   (DCX),	   also	  results	   in	   altered	   microtubule	   dynamics	   in	   the	   growth	   cone,	   similar	   to	   what	   is	  observed	   with	   LIS1	   and	   dynein	   inhibition	   (Jean	   et	   al.,	   2012).	   RNAi	   against	   DCX	  caused	   the	  appearance	  of	  overly	  bent	  and	  curved	  microtubules	   in	   rat	   sympathetic	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neuron	  growth	  cones	  (Jean	  et	  al.,	  2012).	  This	  phenotype	  could	  be	  partially	  reversed	  by	   inhibiting	   myosin	   II,	   which	   is	   normally	   involved	   in	   generating	   actin	   forces,	  suggesting	   that	   DCX	   somehow	   strengthens	   microtubules	   against	   retrograde	   actin	  flow	   (Jean	  et	   al.,	   2012).	   Localization	  of	  DCX	   in	   the	  growth	   cone	   is	   coincident	  with	  microtubules	   invading	   actin-­‐rich	   lamellar	   regions	   (Tint	   et	   al.,	   2009).	   Additionally,	  DCX	   is	   found	   in	   growth	   cone-­‐like	   actin	   patches	   along	   the	   axon	   shaft,	   where	   it	   is	  probably	  playing	  a	  role	  in	  collateral	  branch	  formation	  (Tint	  et	  al.,	  2009).	  In	   a	   previous	   study	   in	   cultured	   cortical	   neurons,	   NudEL	   was	   found	   to	   be	  localized	   near	   the	   centrosome	   in	   the	   soma	   during	   early	   stages	   of	   neuronal	  development,	  but	  redistributed	  to	  the	  axon	  after	  a	  few	  days	  in	  culture	  (Sasaki	  et	  al.,	  2000).	  However,	   the	   localization	  of	  NudE/EL	  between	  the	   transition	   from	  a	  newly	  plated	  neuron	  to	  a	  polarized	  neuron	  had	  not	  been	  examined.	  We	  set	  out	  to	  identify	  a	  possible	   role	   for	   NudE/EL	   in	   establishing	   neuronal	   polarity	   and	   found	   through	  localization,	  overexpression,	  and	  RNAi,	  that	  NudE/EL	  is	  necessary	  but	  not	  sufficient	  for	  axon	  formation	  and	  normal	  neuronal	  polarization.	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RESULTS	  
NudE/EL	  is	  localized	  to	  a	  single	  neurite	  tip	  in	  Stage	  2	  hippocampal	  neurons	  To	   study	   the	   localization	   of	  NudE/EL	   in	   neurons,	  we	   isolated	   hippocampal	  neurons	  from	  E18	  rat	  embryos	  and	  cultured	  them	  for	  1DIV.	  An	  antibody	  to	  NudE/EL	  was	   used	   to	   detect	   endogenous	   protein	   localization	   in	   Stage	   2	   morphologically	  unpolarized	  neurons.	  As	  shown	  in	  Fig.	  3-­‐2	  and	  quantified	  in	  Fig.	  3-­‐5,	  in	  64.07±2.91%	  of	   Stage	   2	   neurons,	   NudE/EL	  was	   enriched	   in	   a	   single	   neurite.	   NudE/EL	  was	   not	  present	   in	   any	   neurite	   in	   19.95±7.27%	   of	   neurons,	   and	  was	   localized	   to	  multiple	  neurites	  in	  15.98±6.78%	  of	  neurons	  (n	  =	  87	  neurons).	  NudE/EL	   localization	   to	   the	   growth	   cone	   and	   axon	   tip	   of	   hippocampal	  neurons	   has	   previously	   been	   reported	   (Taya	   et	   al.,	   2007).	   We	   immunostained	  polarized	   hippocampal	   neurons	   for	   NudE/EL	   and	   dynein	   heavy	   chain	   and	   saw	  expected	  localization	  for	  both	  to	  the	  cell	  body	  and	  axon	  tip	  (Fig.	  3-­‐2,	  yellow	  arrows	  indicate	  axon	  tip).	  In	  addition,	  we	  observed	  novel	  localization	  patterns	  for	  NudE/EL	  in	  bright	  patches	  along	  the	  axon	  in	  regions	  with	  lamellar	  protrusions	  (Fig.	  3-­‐2,	  red	  arrows).	  Dynein	  heavy	  chain	  was	   largely	  absent	   from	  these	  structures,	  although	   it	  was	  visible	  elsewhere.	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Figure	  3-­‐2.	  NudE/EL	  localization	  in	  unpolarized	  and	  polarized	  hippocampal	  
neurons.	   To	   examine	   localization	   in	   unpolarized	   Stage	   2	   neurons,	   E18	   rat	  hippocampal	   neurons	   were	   grown	   for	   1DIV	   and	   immunostained	   for	   NudE/EL.	  NudE/EL	  is	  found	  in	  the	  cell	  body,	  along	  the	  length	  of	  a	  single	  neurite,	  and	  in	  the	  neurite	   tip	   (blue	  arrow).	  64.07%	  of	   neurons	   showed	  NudE/EL	   localization	   in	   a	  single	   neurite	   (see	   graph	   in	   Fig.	   3-­‐5).	   For	   localization	   of	   NudE/EL	   in	   polarized	  neurons,	   neurons	   were	   grown	   for	   6DIV	   and	   immunostained	   for	   NudE/EL	   and	  dynein	  heavy	  chain	  (DHC).	  NudE/EL	  is	  found	  in	  the	  cell	  body,	  along	  the	  length	  of	  the	   axon,	   and	   in	   the	   axon	   tip	   (yellow	  arrow).	  DHC	  displays	   similar	   localization.	  NudE/EL	   also	   appears	   in	   bright	   patches	   along	   the	   axon	   in	   regions	   that	   display	  fiipodia-­‐like	  protrusions	  (red	  arrows).	  DHC	  is	  absent	  from	  these	  regions,	  although	  its	  immunofluorescent	  intensity	  is	  bright	  elsewhere,	  such	  as	  the	  axon	  tip	  (yellow	  arrow). 
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We	  also	  overexpressed	  GFP-­‐NudEL	  by	  nucleofection	  in	  E18	  rat	  hippocampal	  neurons	  and	  documented	  the	  localization	  of	  overexpressed	  protein	  in	  Stage	  1,	  2,	  and	  3	   neurons	   (Figs.	   3-­‐3,	   3-­‐4).	   GFP-­‐NudEL	  was	   also	   present	   in	   a	   single	   neurite	   in	   the	  majority	  (68.25%)	  of	  Stage	  2	  neurons	  (n	  =	  68	  neurons)	  (Figs.	  3-­‐3,	  3-­‐4,	  3-­‐5).	  There	  was	   no	   significant	   difference	   in	   the	   localization	   of	   endogenous	   NudE/EL	   in	  untransfected	   neurons	   and	   GFP-­‐NudEL	   in	   transfected	   neurons	   (64.07%	   and	  68.25%,	  respectively,	  p	  =	  0.355)	  (Fig.	  3-­‐5).	  In	  addition,	  when	  GFP-­‐NudEL-­‐expressing	  Stage	   2	   neurons	   were	   immunostained	   with	   a	   NudE/EL	   antibody,	  immunofluorescence	  was	  coincident	  with	  the	  GFP	  signal	  in	  a	  single	  neurite	  tip	  (Fig.	  3-­‐3).	  
NudEL	  overexpression	  does	  not	  alter	  axon	  number	  Overexpression	   of	   certain	   polarity	   factors	   can	   alter	   neurite	   formation,	  resulting	  either	  in	  lack	  of	  axon	  formation	  or	  supernumerary	  axons.	  To	  test	  whether	  NudEL	   overexpression	   had	   either	   of	   these	   effects,	   we	   quantified	   the	   number	   of	  axons	   present	   at	   4DIV	   in	   Stage	   3	   neurons	   transfected	   with	   GFP-­‐NudEL	   or	   GFP	  control	   (Fig.	   3-­‐6).	   When	   compared	   to	   control	   transfected	   neurons,	   there	   is	   no	  significant	   difference	   in	   the	   number	   of	   axons	   formed	   in	   GFP-­‐NudEL	   transfected	  neurons	  (p	  =	  0.543).	  In	  control-­‐transfected	  neurons,	  74.32%	  had	  a	  single	  axon	  and	  in	  GFP-­‐NudEL	  transfected	  neurons,	  78.53%	  had	  a	  single	  axon	  (Fig.	  3-­‐6).	  
	   	  








	  	   	  
Figure	  3-­‐3.	  Overexpressed	  NudEL	  localizes	  to	  a	  single	  neurite	  tip	  of	  
a	   Stage	   2	   hippocampal	   neuron.	   E18	   rat	   hippocampal	   neurons	   were	  nucleofected	  with	   GFP-­‐NudEL	   and	   plated.	   At	   1DIV	  Neurons	  were	   fixed	  and	   immunostained	   for	   NudE/EL.	   GFP-­‐NudEL	   and	   NudE/EL	  immunofluorescence	   were	   coincident	   in	   a	   single	   neurite	   tip	   (blue	  arrow). 




	   	  
Figure	   3-­‐4.	   GFP-­‐NudEL	   localization	   follows	   a	   similar	   pattern	   as	  
endogenous	   NudE/EL.	   GFP-­‐NudEL	   localizes	   to	   a	   single	   neurite	   tip	   of	   a	  Stage	   2	   unpolarized	   neuron	   (A,	   blue	   arrow),	   a	   Stage	   2/3	   neuron	   (B,	  blue	  arrow)	   and	   a	   Stage	   3	   polarized	   neuron	   (C,	   blue	   arrow).	   Tau1	  immunostaining	  clearly	  identifies	  the	  axons	  (B	  and	  C,	  red	  arrows). 








	   	  
Figure	  3-­‐5.	  Similar	  localization	  of	  GFP-­‐NudEL	  and	  endogenous	  NudE/EL.	  E18	  hippocampal	  neurons	  were	  either	  plated	  directly	  or	  nucleofected	  with	  GFP-­‐NudEL	  and	  plated	   for	  1DIV.	  Untransfected	  neurons	  were	   immunostained	  for	  NudE/EL	  to	  determine	   localization.	   Localization	   in	   neurons	   transfected	  with	  GFP-­‐NudEL	  was	  assessed	  by	  GFP	   fluorescence.	  There	   is	  no	   significant	  difference	   in	   localization	  of	  endogenous	  NudE/EL	  in	  untransfected	  neurons	  and	  overexpressed	  NudEL	  in	  GFP-­‐NudEL	  transfected	  neurons	  (p	  =	  0.355).	  In	  both	  cases,	  most	  of	  the	  neurons	  exhibit	  localization	   to	   a	   single	   neurite	   (64.07%	   by	   immunostaining	   in	   untransfected,	  68.25%	   by	   fluorescence	   in	   GFP-­‐NudEL	   transfected).	   Error	   bars	   represent	   SEM.	  Statistical	  significance	  was	  calculated	  using	  Student’s	  t-­‐test. 







	   	  
Figure	   3-­‐6.	   GFP-­‐NudEL	   expression	   does	   not	   alter	   axon	   number.	   E18	  hippocampal	   neurons	   were	   nucleofected	   with	   GFP	   control	   or	   GFP-­‐NudEL	   and	  assessed	   for	   axon	   formation	   at	   4DIV	   by	   Tau1	   immunostaining.	   There	   is	   no	  significant	  difference	   in	  polarization	  between	  control	   and	  GFP-­‐NudEL	  transfected	  neurons	   (p	   =	   0.543).	   The	   values	   for	   no	   axon,	   one	   axon,	   and	   multiple	   axons	   are	  12.36%,	   74.32%,	   and	   13.32%	   for	   controls	   and	   6.56%,	   78.53%,	   and	   14.91%	   for	  GFP-­‐transfected	   cells.	   Error	   bars	   represent	   SEM.	   Statistical	   significance	   was	  calculated	  using	  Student’s	  t-­‐test. 
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Inhibition	  of	  NudE	  and	  NudEL	  results	  in	  polarity	  defects	  	   Inhibition	   of	   known	  polarity	   factors	   can	   lead	   to	   altered	   outcomes	   for	   axon	  formation.	  To	  determine	  whether	  depletion	  of	  NudE	  and	  NudEL	  has	  such	  effects,	  we	  expressed	  RNAi-­‐encoding	  constructs	  against	  both	  of	  them	  in	  hippocampal	  neurons.	  These	   constructs	   have	   previously	   been	   characterized	   via	  Western	   blot	   analysis	   of	  transfected	   cell	   lysates	   (Fig.	   2-­‐2	   from	   previous	   chapter).	   In	   addition,	   we	   gauged	  knockdown	   by	   NudE/EL	   immunofluorescence	   in	   hippocampal	   neurons.	   RNAi	  transfected	   neurons	   on	   average	   showed	   a	   63%	   reduction	   in	   NudE/EL	  immunofluorescence	   when	   compared	   to	   untransfected	   neurons	   on	   the	   same	  coverslip	  (Fig.	  3-­‐7).	  E18	  rat	  hippocampal	  neurons	  were	  nucleofected	  with	  either	  control	  RNAi	  or	  RNAi	  against	  NudE	  and	  NudEL	  and	  cultured	  for	  4DIV.	  The	  establishment	  of	  normal	  polarity	   was	   assessed	   by	   axon	   formation	   based	   on	   Tau1	   immunostaining.	   In	  neurons	  transfected	  with	  RNAi	  against	  NudE	  and	  NudEL,	  there	  was	  a	  decrease	  in	  the	  number	  of	  correctly	  polarized	  neurons	  (Fig.	  3-­‐7).	  RNAi	  control	  vector	   transfection	  resulted	   in	   74.32%	   neurons	  with	   one	   axon,	  while	   RNAi	   against	   NudE	   and	  NudEL	  resulted	  in	  57.19%	  neurons	  with	  one	  axon.	  This	  difference	  is	  significant	  (p	  <	  0.05),	  but	   not	   very	   great.	   There	  was	   no	   significant	   difference	   between	   neurons	  with	   no	  axon	  and	  multiple	  axons	  between	  controls	  and	  RNAi	  transfected	  neurons.	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Figure	  3-­‐7.	  NudE	  and	  NudEL	  depletion	  inhibits	  neuronal	  polarization.	  E18	  rat	  hippocampal	   neurons	   were	   nucleofected	   with	   either	   control	   RNAi	   (A)	   or	   RNAi	  against	  NudE	  and	  NudEL	  (B	  and	  C)	  and	  allowed	  to	  grow	  for	  4DIV.	  Efficiency	  of	  these	  RNAi	  constructs	  was	  previously	  quantified	  via	  Western	  blotting	  of	   transfected	  cell	  lysate	  (see	  Figure	  2-­‐2).	  (C)	  Immunostaining	  RNAi	  transfected	  neurons	  for	  NudE/EL	  shows	   a	   ~60%	   reduction	   in	   fluorescence	   intensity	   of	   NudE/EL	   between	  untransfected	   and	   RNAi	   transfected	   neurons,	   as	   determined	   by	   average	  fluorescence	   intensity.	   (D)	   Quantification	   of	   axon	   formation,	   based	   on	   Tau1	  immunostaining.	   There	   is	   a	   decrease	   in	   the	   number	   of	   Tau1	   positive	   normally	  polarized	  neurons	  (one	  axon)	  from	  74.32%	  in	  control	  transfected	  cells	  to	  57.19%	  in	  RNAi	   treated	   cells	   (p	   <	   0.05).	   There	   is	   also	   a	   slight	   increase	   in	   the	   number	   of	  neurons	   with	   no	   axon	   in	   RNAi	   treated	   cells	   (22.07%)	   compared	   to	   controls	  (12.36%)	   (p	   <	   0.05).	   There	   is	   no	   significant	   difference	   between	   the	   number	   of	  neurons	   with	   multiple	   axons	   in	   controls	   (13.32%)	   compared	   to	   RNAi	   treated	  (20.74%)	  neurons.	  Error	  bars	  represent	  SEM.	  Statistical	  significance	  was	  calculated	  by	  Student’s	  t-­‐test. 
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One	   possibility	   for	   the	   lack	   of	   an	   effect	   on	   axon	   formation	   in	   the	   RNAi	  transfected	  neurons	   is	   that	  by	  the	  time	  protein	   levels	  have	  been	  reduced	  by	  RNAi,	  axon	   specification	   has	   already	   occurred.	   To	   circumvent	   this	   issue,	   we	   replated	  transfected	  neurons	  after	  an	  initial	  2DIV,	  thereby	  allowing	  time	  for	  the	  RNAi	  to	  take	  effect	  and	  reverse	  any	  polarization	  that	  had	  occurred	  in	  vitro.	  The	  replated	  neurons	  would	   essentially	   be	   depleted	   of	   NudE	   and	   NudEL	   before	   axon	   specification	   and	  outgrowth	  could	  take	  place.	  The	  graph	  in	  Fig.	  3-­‐8	  summarizes	  the	  results	  of	  the	  replating	  assays.	  Replated	  neurons	   were	   assessed	   for	   axon	   formation	   by	   Tau1	   staining	   after	   an	   additional	  3DIV.	  Hence	  the	  total	  time	  spent	  in	  culture	  was	  5DIV.	  In	  this	  experiment,	  there	  was	  a	  much	   greater	   and	   more	   significant	   difference	   between	   the	   number	   of	   normally	  polarized	  neurons	  in	  controls	  (75.23%)	  and	  RNAi	  transfected	  (32.84%)	  neurons	  (p	  <	  0.005).	  In	  addition,	  there	  was	  a	  significant	  increase	  in	  the	  number	  of	  neurons	  with	  no	   axon	   in	   the	  RNAi	   condition	   (46.31%)	   compared	   to	   the	   controls	   (10.30%)	   (p	   <	  0.005).	   The	   difference	   in	   the	   number	   of	   neurons	   with	   multiple	   axons	   remained	  insignificant.	  
	   	  
	   89	  
	  
	   	  
Figure	  3-­‐8.	  Replating	  NudE	  and	  NudEL	  depleted	  neurons	  at	  2DIV	  results	  in	  more	  
severe	   inhibition	   of	   neuronal	   polarization.	   E18	   rat	   hippocampal	   neurons	   were	  nucleofected	  with	  either	  control	  RNAi	  or	  RNAi	  against	  NudE	  and	  NudEL	  and	  allowed	  to	  grow	  for	  2DIV	  before	  being	  replated.	  Quantification	  of	  neuronal	  polarization,	  based	  on	  Tau1	  immunostaining	  was	  assessed	  after	  an	  additional	  3DIV.	  After	  replating,	  there	  is	   a	   greater	   difference	   between	   the	   percentage	   of	   normally	   polarized	   (one	   axon)	  control	  (75.23%)	  vs.	  NudE	  +	  NudEL	  RNAi	  	  (32.84%)	  neurons	  (p	  <	  0.005).	  In	  addition,	  there	   is	  a	  noticeably	  greater	   increase	   in	   the	  number	  of	  neurons	  with	  no	  axon	   in	  the	  RNAi	  treated	  cells	  (46.31%	  in	  RNAi	  vs.	  10.30%	  in	  controls,	  p	  <	  0.005).	  There	  is	  still	  no	  significant	   difference	   in	   the	   number	   of	   neurons	   with	   multiple	   axons	   in	   control	  (14.47%)	   and	   RNAi	   (20.84%)	   neurons.	   Error	   bars	   represent	   SEM.	   Statistical	  significance	  was	  calculated	  by	  Student’s	  t-­‐test. 
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NudE/EL	  is	  localized	  to	  actin-­‐rich	  protrusions	  in	  the	  growth	  cone	  	   During	   our	   NudE/EL	   localization	   studies	   in	   polarized	   and	   unpolarized	  neurons,	  we	  noticed	  that	  in	  the	  growth	  cones	  of	  some	  neurite	  tips,	  bright	  NudE/EL	  localization	   lay	  ahead	  of	   the	  region	  occupied	  by	  microtubules,	   in	  addition	  to	  being	  associated	  near	  microtubules	  (Fig.	  3-­‐9).	  These	  regions	  resembled	  filopodial	  growth	  cone	  extensions.	  To	  determine	  the	  identity	  of	  these	  protrusions,	  we	  immunostained	  for	   actin	   and	   found	   them	   positive,	   confirming	   our	   hypothesis	   that	   these	   were	  filopodial	   extensions	  abundant	  with	  NudE/EL	   in	   addition	   to	   actin	  bundles	   (Fig.	   3-­‐10).	   Fig.	   3-­‐10	   shows	  a	   Stage	  2	  neuron	  with	  NudE/EL	  particularly	   enriched	   in	  one	  neurite.	  This	  neurite	  also	  displays	  bright	  actin	  immunostaining.	  The	  lower	  panel	  of	  Fig.	   3-­‐10	   is	   a	  magnification	   of	   the	   neurite	   growth	   cone.	   Bright	   punctate	  NudE/EL	  staining	  is	  colocalized	  to	  filopodial	  actin	  protrusions.	  	  	  	  
	  
Figure	   3-­‐9.	   NudE/EL	   is	   localized	   to	   filamentous	   regions	   that	   lie	   ahead	   of	  
microtubules	   in	   the	   neurite.	  Tubulin	   and	   NudE/EL	   staining	   reveal	   that	  while	  NudE/EL	   is	   present	   in	   the	   same	   region	   as	   microtubules,	   it	   is	   also	   present	   in	  projections	  that	  lie	  ahead	  of	  the	  microtubule. 







	   	  
Figure	   3-­‐10.	   NudE/EL	   is	   localized	   to	   actin	   rich	   regions	   of	   a	   neurite	  
growth	  cone.	  Top	  panel:	  A	  low	  level	  of	  punctate	  NudE/EL	  staining	  is	  evident	  throughout	  the	  Stage	  2	  neuron	  and	  in	  all	  neurites,	  but	  is	  particularly	  enriched	  in	   what	   appears	   to	   be	   the	   growth	   cone	   of	   one	   neurite	   (outlined	   in	   red).	  Bottom	  panel:	  High	  powered	  magnification	  of	  outlined	  growth	  cone	  from	  top	  panel.	   In	  the	  distal	  part	  of	  this	  neurite,	   immunostaining	  reveals	  what	  appear	  to	   be	   actin-­‐rich	   protrusive	   structures	   that	   colocalize	   with	   bright	   NudE/EL	  immunostaining. 
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DISCUSSION	  Work	   done	   in	   collaboration	   with	   a	   previous	   lab	   member	   indicated	   that	  NudE/EL	   was	   present	   in	   a	   single	   neurite	   tip	   of	   an	   unpolarized	   Stage	   2	   neuron,	  coincident	  with	  immunostaining	  for	  PMGS	  and	  phospho-­‐TrkA,	  early	  markers	  of	  axon	  specification	   in	  neurons.	  Extensive	  analysis	  of	   the	   localization	  of	  dynein	  and	  other	  dynein	   interacting	  proteins	   led	   to	   the	  development	  of	  a	  model	   that	  suggested	   that	  NudE/EL,	   in	   particular,	   was	   present	   in	   a	   single	   neurite	   tip	   before	   other	   dynein	  related	  factors	  preferentially	  localized	  there.	  By	  Stage	  3,	  all	  factors	  are	  present	  in	  the	  axon	   tip,	   including	   dynein	   heavy	   and	   intermediate	   chains,	   ZW10,	   and	   the	   p150	  subunit	   of	   dynactin.	   We	   set	   out	   to	   test	   the	   possibility	   that	   NudE/EL	   is	   an	   early	  marker	  of	  polarity,	  and	  to	  understand	  its	  mechanism	  of	  action	  in	  a	  Stage	  2	  neurite.	  
NudEL	  overexpression	  does	  not	  alter	  neuronal	  polarity	  	   Overexpression	  of	   polarity	   factors	   can	   sometimes	   influence	   the	  outcome	  of	  neuronal	  polarization,	  causing	  either	  multiple	  neurites	  to	  adopt	  axonal	   identity,	  or	  abolishing	   axon	   formation	   altogether.	   Overexpression	   of	   NudEL,	   the	   predominant	  NudE/EL	  paralog	   in	  post-­‐mitotic	  neurons,	  did	  not	  result	   in	  any	  alterations	   in	  axon	  formation	   in	   Stage	   3	   neurons.	   This	   implies	   that	   even	   if	   NudE/EL	   is	   necessary	   for	  axon	  specification,	   it	   is	  not	  sufficient	   for	   this	  process	   to	   take	  place.	  Localization	  of	  overexpressed	  protein	   followed	  a	  pattern	  similar	   to	   that	  observed	   for	  endogenous	  NudE/EL	  in	  all	  developmental	  stages.	  
Depletion	  of	  NudE	  and	  NudEL	  inhibits	  neuronal	  polarization	  RNAi	   against	   NudE	   and	   NudEL	   resulted	   in	   a	   moderate	   but	   significant	  decrease	  in	  the	  number	  of	  normally	  polarized	  neurons,	  as	  judged	  by	  Tau1	  staining	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(Fig.	  3-­‐7).	  To	  determine	  whether	  greater	  knockdown	  of	  NudE/EL	  levels	  before	  axon	  specification	   occurred	   would	   result	   in	   a	   more	   severe	   effect	   on	   polarization,	   we	  decided	  to	  replate	  RNAi	  transfected	  neurons	  after	  they	  had	  been	  growing	  in	  culture	  for	   2DIV.	   When	   replated	   neurons	   were	   assessed	   for	   axon	   formation	   after	   an	  additional	   3DIV,	   it	   was	   found	   that	   reducing	   NudE/EL	   levels	   by	   RNAi	   prior	   to	  replating	  did	  in	  fact	  have	  a	  more	  severe	  and	  more	  significant	  effect	  on	  polarization.	  These	  results	  demonstrate	  that	  while	  NudE	  and	  NudEL	  do	  serve	  as	  polarity	  factors,	  whether	  they	  confer	  axon	  specification	  is	  as	  yet	  undetermined.	  
NudE/EL	  in	  the	  neurite	  tip	  Having	  established	  that	  NudE/EL	  is	  predominantly	  found	  in	  a	  single	  neurite	  tip	  of	  a	  Stage	  2	  neuron,	   it	   is	  still	  not	  clear	  what	  role	   it	  serves	  from	  that	   location,	   if	  any,	   in	   generating	   neuronal	   polarity.	   In	   other	   cellular	   systems	   such	   as	   the	  kinetochore	   and	   nuclear	   envelope,	   NudE/EL	   functions	   as	   a	   recruitment	   factor	   for	  dynein.	   It	   is	   quite	   possible	   that	   NudE/EL	   has	   a	   similar	   role	   in	   the	   neurite	   of	   an	  unpolarized	  neuron.	  Dynein	  and	  dynein	  related	  proteins	  such	  as	  LIS1	  are	  required	  for	  growth	  cone	  dynamics	  and	  axon	  elongation.	  It	  is	  possible	  that	  until	  these	  factors	  are	  recruited	  to	  the	  presumptive	  axon	  by	  NudE/EL,	  axon	  outgrowth	  cannot	  occur.	  Another	   possibility	   is	   that	   NudE/EL	   regulates	   neuronal	   polarity	   by	  reorienting	   the	   centrosome	   such	   that	   it	   is	   positioned	   next	   to	   the	   future	   axon.	  Centrosome	  localization	  has	  been	  reported	  to	  confer	  axon	  specificity	  upon	  a	  neurite,	  although	   this	   claim	   has	   been	   highly	   debated	   (de	   Anda	   et	   al.,	   2005).	   NudE/El	  regulates	   centrosome	   position	   in	   other	   cell	   types	   through	   dynein	   dependent	   and	  independent	  mechanisms	  (Shen	  et	  al.,	  2008).	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NudE/EL	  association	  with	  protrusive	  actin	  structures	  	   In	   Figs.	   3-­‐9	   and	   3-­‐10	   we	   found	   actin	   localized	   ahead	   of	   microtubules	   in	  neurite	   extensions	   and	   colocalized	   with	   actin	   in	   these	   regions.	   	   There	   is	   an	  established	   precedent	   for	   NudE/EL	   localization	   to	   and	   interaction	   with	   the	   cell	  cortex	   in	   regions	   where	   actin	   is	   present.	   In	   radial	   glial	   progenitor	   cells	   of	   the	  developing	  cortex,	  NudE	  interacts	  with	  utrophin/dystrophin,	  which	  in	  turn	  link	  the	  actin	  cytoskeleton	  to	  the	  extracellular	  matrix	  (Pawlisz	  and	  Feng,	  2011).	  NudEL	   has	   been	   shown	   to	   localize	   to	   the	   leading	   edge	   of	   migrating	   cells	  independently	   of	   dynein	   or	  microtubules,	   but	   coincident	  with	   F-­‐actin	   localization	  (Shen	   et	   al.,	   2008).	   It	   was	   shown	   that	   NudEL	   has	   a	   dynein	   independent	   role	   in	  regulating	   Cdc42	   by	   binding	   Cdc42GAP,	   a	   Cdc42	   inactivator	   (Shen	   et	   al.,	   2008).	  Cdc42	   activity	   is	   necessary	   for	   cell	   migration.	   Depleting	   NudEL	   by	   RNAi	   in	   these	  cells	   resulted	   in	   reduced	   protrusion,	   causing	   defective	   cell	  migration	   (Shen	   et	   al.,	  2008).	  NudE/EL	   localization	   to	   protrusive	   structures	   in	   the	   neurite	   growth	   cone	  also	  appears	   to	  be	   independent	  of	  microtubules.	  NudE/EL	  was	  present	   in	  pointed	  structures	  devoid	  of	  microtubules	  but	  emanating	  off	  of	  a	  microtubule	  bundle	  (Fig.	  3-­‐9).	  To	  further	  investigate	  this	  localization,	  we	  used	  an	  actin	  antibody	  and	  found	  that	  NudE/EL	  localized	  to	  actin	  rich	  filopodia	  in	  a	  neurite	  growth	  cone	  (Fig.	  3-­‐10).	  Cdc42	  has	   well	   established	   roles	   as	   both	   a	   polarity	   factor	   and	   a	   positive	   regulator	   of	  filopodia	   formation	   (Kozma	   et	   al.,	   1995;	   Nobes	   and	   Hall,	   1995;	   Schwamborn	   and	  Püschel,	   2004).	   Considering	   the	   role	   NudEL	   has	   in	   regulating	   Cdc42	   activity,	   it	   is	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possible	  that	  the	  presence	  of	  NudE/EL	  in	  filopodial	  protrusions	   indicates	  a	  similar	  regulatory	  activity	  by	  binding	  Cdc42GAP	  and	  allowing	  Cdc42	  activation.	  	   NudE/EL	  may	  also	  be	  facilitating	  an	  interaction	  between	  the	  filopodial	  actin	  bundles	  and	  the	  microtubules	  that	  grow	  along	  them,	  thereby	  serving	  as	  a	  stabilizing	  factor	   for	   the	   advancing	  microtubules	   once	   they	   reach	   that	   location.	   A	   prevailing	  model	  in	  the	  field	  is	  that	  dynein	  driven	  forces	  serve	  as	  a	  buttress	  for	  microtubules	  against	   retrograde	   actin	   flow	   in	   the	   growth	   cone.	   NudE	   and	   NudEL,	   as	   dynein	  regulators,	   are	  known	   to	   regulate	  dynein	   force	  production	  and	   could	   therefore	  be	  involved	  in	  microtubule	  fortification	  against	  retrograde	  actin	  flow.	  	   NudE/EL	  was	   also	   found	   in	   growth	   cone	   like	  patches	   along	   the	   axon	   shaft,	  reminiscent	  of	  what	  has	  been	  reported	  for	  DCX	  (Tint	  et	  al.,	  2009).	  These	  cells	  were	  not	  immunostained	  for	  actin,	  but	  presumably	  these	  are	  sites	  of	  collateral	  branching	  that	  contain	  actin	  rich	  patches.	  NudE/EL	  could	  be	  serving	  a	  similar	   role	  here	  as	   it	  does	  in	  neurite	  and	  axonal	  growth	  cones.	  	   Similar	  to	  what	  is	  observed	  for	  other	  polarity	  or	  outgrowth	  factors,	  NudE/EL	  induced	   dynamic	   alterations	   to	   the	   cytoskeleton	   of	   the	   neurite	   growth	   cone	  must	  take	   place	   for	   axon	   formation	   to	   occur.	  Whether	   this	   occurs	   through	  microtubule	  stabilization,	   regulation	   of	   actin	   dynamics,	   formation	   of	   protrusive	   structures,	   or	  centrosome	  reorientation	  remains	  to	  be	  determined.	  
METHODS	  
Hippocampal	  neuronal	  culture	  	   Hippocampi	   were	   isolated	   from	   E18	   rat	   embryos	   and	   dissociated	   by	  trypsinization.	   Transfection	   of	   neurons	   was	   achieved	   by	   nucleofection	   using	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program	   0-­‐003	   of	   an	   Amaxa	   Nucleofector	   (Lonza).	   Approximately	   4x106	   neurons	  and	  a	  total	  of	  3	  µg	  of	  DNA	  were	  used	  per	  nucleofection.	  Neurons	  were	  cultured	  on	  poly-­‐L-­‐lysine	  coated	  coverslips	  in	  Neurobasal	  media	  with	  B-­‐27	  supplement	  and	  0.5	  mM	   L-­‐glutamine.	   For	   replating	   assays,	   initial	   plating	   was	   done	   in	   poly-­‐L-­‐lysine	  coated	  plastic	  culture	  dishes.	  Neurons	  were	  replated	  onto	  poly-­‐L-­‐lysine	  coated	  glass	  coverslips	   and	   cultured	   in	   filtered	   conditioned	   media	   to	   improve	   survival.	  Depending	  on	   the	  desired	  developmental	   stage	   at	   fixation,	   neurons	  were	   cultured	  for	  1-­‐6DIV.	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INTRODUCTION	  The	  major	   findings	  put	   forth	   in	   this	   thesis	   reinforce	   the	  essential	  nature	  of	  NudE	  and	  NudEL	  in	  dynein	  regulation.	  We	  find	  that	  NudE	  has	  a	  direct	  role	   in	  INM	  and	  mitosis	  of	  neural	  progenitors,	  whereas	  NudEL	  does	  not.	  Both	  NudE	  and	  NudEL	  are	   involved	   in	   transitioning	   cells	   out	   of	   the	   multipolar	   stage.	   One	   of	   the	   steps	  involved	   in	   this	   transition	   is	   axon	   formation	   and	   the	   establishment	   of	   neuronal	  polarity.	   Complementary	   to	   our	   in	   vivo	   data,	   we	   observe	   a	   polarity	   defect	   when	  NudE/EL	  is	  depleted	  from	  hippocampal	  neurons	   in	  vitro,	  as	  evidenced	  by	  a	   lack	  of	  axon	   formation.	   Our	   results	   from	   in	   vitro	   studies	   also	   suggest	   that	   NudE/EL	  may	  function	  early	  in	  the	  polarity	  establishment	  pathway.	  Finally,	  we	  also	  provide	  some	  mechanistic	   insight	   into	   how	  NudEL	  may	   be	   involved	   in	   the	  migration	   of	   bipolar	  neurons.	  
Microcephaly	  and	  INM	  
Nde1	  mutations	  are	  known	  to	  cause	  microcephaly	  resulting	   from	  defects	   in	  neural	   progenitor	   proliferation	   (Feng	   and	   Walsh,	   2004).	   We	   propose	   that	   an	  additional	   mechanism	   by	   which	   these	   proliferation	   defects	   arise	   lies	   in	   the	  regulation	  of	  INM.	  Dynein	  is	  known	  to	  be	  the	  driving	  force	  for	  apical	  directed	  INM,	  and	  therefore	  NudE	   is	  most	   likely	  regulating	  dynein	  during	  this	  migration	  (Tsai	  et	  al.,	   2010).	   Possible	  mechanisms	   for	   this	   function	   include	   recruitment	  of	   dynein	   to	  sites	  of	  action,	  or	  by	  enforcement	  of	  dynein	  motor	  function,	  both	  of	  which	  have	  been	  shown	   to	   be	   under	   the	   control	   of	   NudE-­‐regulated	   dynein	   in	   other	   systems.	  Specifically,	  NudE/EL	  already	  has	  a	  known	  role	   in	   localizing	  dynein	   to	   the	  nuclear	  envelope	  during	  G2/M	  (Hebbar	  et	  al.,	  2008;	  Bolhy	  et	  al.,	  2011).	  NudE	  has	  also	  been	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shown	  to	  influence	  sustained	  force	  production	  by	  dynein,	  allowing	  dynein	  to	  serve	  as	   a	   processive	   high-­‐load	   motor,	   such	   as	   would	   be	   needed	   to	   effect	   nuclear	  movement	  (McKenney	  et	  al.,	  2010).	  Depleting	   NudE	   or	   NudEL	   in	   other	   systems	   has	   severe	   consequences	   for	  mitotic	  progression	  (Stehman	  et	  al.,	  2007;	  Vergnolle	  and	  Taylor,	  2007).	  Cells	  exhibit	  metaphase	   arrest	   with	   an	   inability	   to	   inactivate	   the	   mitotic	   checkpoint,	   thereby	  preventing	  mitotic	  progression	  (Stehman	  et	  al.,	  2007).	  Neural	  progenitors	  in	  the	  VZ,	  unlike	  cultured	  cells,	  link	  their	  nuclear	  position	  to	  their	  cell	  cycle	  stage.	  Hence	  they	  have	  an	  additional	  requirement	  of	  apical	  nuclear	  migration	  in	  order	  to	  allow	  mitotic	  entry,	  which	  probably	  requires	  a	  specific	  signal	  from	  the	  ventricular	  surface.	  NudE	  RNAi,	   by	   arresting	   cells	   far	   from	   the	   ventricular	   surface,	   results	   in	   a	   dramatic	  reduction	  in	  the	  mitotic	  index	  of	  RGPCs.	  
The	  multipolar	  cell	  stage	  A	   high	   proportion	   of	   NudE	   and	   NudEL	   depleted	   cells	   have	   a	   striking	   IZ-­‐specific	  multipolar	  arrest.	  This	  could	  reflect	  the	  unique	  level	  of	  dependency	  at	  this	  stage	  on	  cytoskeletal	  rearrangements	  to	  transition	  into	  a	  bipolar	  migratory	  neuron.	  A	  newborn	  neuronal	  precursor	  at	  the	  apical	  surface	  must	  go	  through	  several	  critical	  steps	   before	   it	   becomes	   a	   bipolar	   neuron.	   Many	   of	   these	   stages	   have	   analogous	  counterparts	  in	  other	  systems	  that	  have	  been	  found	  to	  involve	  NudE/EL	  and	  related	  proteins.	  Centrosome	  motility	  is	  one	  such	  example.	  For	  instance,	  it	  has	  been	  shown	  that	   the	   centrosome	   of	   a	  multipolar	   neuron	   in	   the	   SVZ/IZ	   continuously	   reorients	  itself	   to	   either	   guide	   or	   follow	   dynamic	   neurite	   extensions,	   which	   can	   go	   on	   for	  hours,	   if	   not	   days,	   before	   all	   the	   extensions	   are	   retracted	   and	   a	   single	   leading	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process	   forms	   (Sakakibara	   et	   al.,	   2013).	   Additionally,	   centrosome	   motility	   and	  position	  may	  be	  important	  for	  axon	  specification	  and	  outgrowth,	  which	  are	  crucial	  multipolar	  stage	  events	  (de	  Anda	  et	  al.,	  2010).	  NudE/EL	  inhibition	  may	  result	  in	  an	  inability	  to	  direct	  centrosomal	  dynamics,	  causing	  the	  multipolar	  stage	  arrest	  that	  is	  observed.	   Related	   to	   this	   defect	   is	   NudE/EL	   regulation	   of	   microtubule	   behavior,	  which	   is	   also	   particularly	   relevant	   to	   the	   multipolar	   stage.	   Dynamic	   and	   major	  cytoskeletal	  rearrangements	  occur	  during	  this	  stage,	  which	  would	  require	  sufficient	  levels	  of	  NudE/EL	  for	  regulation.	  NudE	  RNAi	  induced	  arrest	  of	  cells	  in	  the	  IZ	  is	  slightly	  different	  than	  what	  is	  observed	   for	   NudEL.	   Although	   both	   types	   of	   arrested	   neurons	   appear	  multipolar,	  NudEL	  RNAi	  results	  in	  a	  greater	  spread	  of	  neuronal	  position	  in	  the	  IZ,	  whereas	  NudE	  RNAi	   causes	   an	   arrest	   lower	   in	   the	   IZ.	   Many	   of	   the	   NudE	   RNAi	   cells	   lie	   in	   what	  appears	   to	   be	   tangential	   orientation,	   perhaps	   because	   of	   apposition	   to	   similarly	  aligned	   axonal	   fibers	   in	   the	   lower	   IZ.	   It	   is	   not	   clear	   if	   these	   cells	   are	   arrested	   in	  essentially	   the	   same	   developmental	   stage	   as	   the	   multipolar	   neurons	   arrested	  further	   up	   in	   the	   IZ,	   or	   if	   they	   are	   stalled	   in	   an	   earlier	   multipolar	   cell	   stage.	   An	  intriguing	  possibility	  is	  that	  these	  cells	  are	  unable	  to	  specify	  an	  axon,	  a	  step	  which	  has	  been	  observed	  to	  occur	  while	  the	  cell	  is	  still	  multipolar,	  prior	  to	  consolidation	  of	  neurites	  and	  leading	  process	  formation	  (Fig.	  2-­‐12)	  (Hatanaka	  and	  Yamauchi,	  2013).	  Data	  presented	  in	  Chapter	  3	  supports	  this	  hypothesis,	  providing	  evidence	  for	  a	  role	  for	  NudE	  in	  axon	  formation.	  
	   	  
	   101	  
Axon	  formation	  Hippocampal	  neuron	  development	   in	  vitro	   is	   reminiscent	  of	   the	  multipolar-­‐to-­‐bipolar	  stage	  transition	  in	  vivo.	  We	  investigated	  a	  possible	  early	  role	  for	  NudE/EL	  in	  axon	  formation	   in	  cultured	  neurons	  and	  found	  a	  novel	  distribution	  of	  NudE/EL,	  which	  was	  present	  early	   in	  a	  single	  neurite	  tip.	  Depleting	  NudE/EL	   levels	  by	  RNAi	  left	  neurons	  unable	   to	  put	  out	  an	  axon	  and	  polarize.	  However,	  overexpression	  did	  not	   affect	   polarization.	  We	   also	   found	   that	  NudE/EL	  was	   present	   in	   filopodia-­‐like	  protrusions	   in	   the	   neurite	   growth	   cone,	   suggesting	   a	   mechanism	   whereby	   it	  regulates	  axon	  formation	  by	  regulating	  microtubule	  interactions	  with	  the	  cortex.	  
Neuronal	  migration	  Finally,	   several	   aspects	  of	  bipolar	  neuronal	  migration	  could	   involve	  NudEL.	  NudEL	  RNAi	  caused	  defects	  in	  leading	  process	  formation,	  similar	  to	  what	  has	  been	  observed	   for	   other	   proteins	   involved	   in	   regulating	   microtubule	   dynamics.	   In	  addition,	  there	  was	  a	  block	  in	  both	  centrosomal	  and	  nuclear	  movement.	  
Compensatory	  mechanisms	  We	   found	   that	   either	   NudE	   or	   NudEL	   was	   critical	   at	   almost	   every	   step	   of	  neuronal	   development	   we	   studied.	   Identification	   of	   Nde1	   as	   a	   gene	   involved	   in	  severe	  brain	  developmental	  defects	  in	  humans,	  and	  the	  essential	  nature	  of	  Ndel1	  as	  evidenced	   by	   the	   embryonic	   lethality	   of	   the	   null	   mouse	   are	   indicators	   that	   these	  proteins	  serve	  highly	  conserved	  functions	  in	  neocortical	  development.	  The	  absence	  of	   full	   length	  NudE	   in	  humans	   leads	   to	  severe	  and	  debilitating	  brain	  developmental	  defects.	  However,	  this	  mutation	  is	  not	  lethal.	  In	  fact,	  the	  oldest	  patients	  with	  Nde1	  associated	  microcephaly	  have	  a	  homozygous	  mutation	  predicted	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to	  result	  in	  a	  null	  allele,	  yet	  are	  currently	  almost	  20	  years	  old	  (Guven	  et	  al.,	  2012).	  It	  would	  be	  very	  informative	  to	  determine	  whether	  this	  mutation	  is	  accompanied	  by	  a	  compensatory	   upregulation	   of	   NudEL,	   although	   it	   is	   conceivable	   that	   this	  upregulation	  would	   have	   been	  most	   apparent	   during	   development.	  However,	   it	   is	  also	  evident	  that	  any	  possible	  upregulation	  that	  may	  be	  occurring	  is	  not	  sufficient	  to	  restore	  normal	  NudE/EL	  activity,	  either	  because	  of	  insufficient	  levels,	  or	  because	  of	  an	  inability	  to	  compensate	  for	  a	  specific	  function.	  There	   is	  a	  precedent	   for	  need-­‐based	  upregulation	  of	  gene	  expression	  when	  one	  member	  of	  a	  paralog	  gene	  pair	   is	  deleted	   (DeLuna	  et	  al.,	   2010).	   In	   fact,	   it	  has	  been	   shown	   that	   the	   probability	   of	   functional	   compensation	   is	   higher	   when	   the	  deleted	  gene	  has	  a	  paralog,	  and	  that	  the	  frequency	  of	  compensation	  increases	  with	  increasing	  sequence	  similarity	  between	  the	  two	  (Gu	  et	  al.,	  2003).	  NudE	  and	  NudEL	  are	   over	   70%	   similar,	   lending	   support	   to	   this	   theory.	   In	   addition,	   it	   appears	   that	  when	   the	  more	  highly	   expressed	  paralog	   is	   deleted,	   the	  phenotypic	   consequences	  are	  more	   severe	   (Gu	   et	   al.,	   2003).	   This	   is	   consistent	   with	   the	   fact	   that	   the	  Ndel1	  knockout	  mouse	  is	  embryonic	  lethal,	  since	  NudEL	  is	  generally	  more	  abundant	  than	  NudE	  (Sasaki	  et	  al.,	  2005).	  There	  are	  a	  number	  of	  documented	  cases	  of	  human	  Nde1	  null	   or	   major	   truncation	   mutations,	   but	   none	   for	   Ndel1,	   suggesting	   that	   such	   a	  mutation	  in	  Ndel1	  may	  be	  lethal	  in	  humans	  as	  well.	  
NudE	  and	  NudEL	  in	  the	  expansion	  of	  the	  mammalian	  cortex	  NudE	  and	  NudEL	  are	  functionally	  related	  paralogs	  that	  have	  critical	  roles	  in	  brain	  development.	  Paralogs	  arise	  by	  gene	  duplication,	  a	  mechanism	  that	  has	  been	  implicated	   in	   the	  evolution	  of	   the	  human	  cerebral	  cortex.	  A	  growing	  hypothesis	   in	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evolutionary	   neurobiology	   is	   that	   the	   existence	   of	   paralogs	   involved	   in	  neurodevelopment	  has	  served	  to	  confer	  “higher”	  function	  to	  the	  mammalian	  brain.	  Recent	  cell	  biological	  data	  supports	  this	  theory.	  Duplication	  events	  of	  SRGAP2	  have	  lead	   to	  multiple	   copies	   of	   the	   gene	   and	   altered	   gene	   function,	   resulting	   in	   faster,	  sustained	   migration	   of	   neurons	   that	   can	   travel	   longer	   distances	   (Charrier	   et	   al.,	  2012).	   Further	   alteration	   of	   gene	   number	   leads	   to	   detrimental	   effects,	   as	   both	  additional	   and	   deleted	   copies	   of	   SRGAP2	   have	   been	   detected	   in	   patients	   with	  intellectual	  disabilities	  (Dennis	  et	  al.,	  2012).	  Two	  functions	  that	  from	  an	  evolutionary	  perspective	  are	  specifically	  critical	  to	   the	   higher	   mammalian	   cortex	   are	   proliferation	   and	   migration.	   Bigger	   brains	  require	  the	  production	  of	  more	  neurons	  that	  must	  travel	  longer	  distances.	  NudE	  and	  NudEL	  are	  in	  a	  unique	  position	  to	  regulate	  both	  of	  these	  processes	  and	  are	  therefore	  likely	   to	   be	   responsible	   for	   significant	   aspects	   of	   expansion	   and	   evolution	   of	   the	  brain.	  Not	  only	  are	  they	  both	  involved	  in	  neurodevelopment,	  the	  fact	  that	  they	  are	  paralogs	  lends	  credibility	  to	  their	  essential	  role	  in	  brain	  formation.	  The	  requirement	  of	   two	   copies	   of	   a	   protein	   that	   carries	   out	   similar	   functions	   explains	   the	   high	  dependency	  on	  total	  NudE/EL	  protein	  levels	  for	  accurate	  brain	  development.	  Even	  highly	  homologous	  proteins	  do	  not	  share	  similar	  functions	  in	  different	  physiological	   environments.	   It	   has	   been	   proposed	   that	   the	   evolution	   of	   protein	  function	  depends	  more	  on	   the	   cellular	   context	   in	  which	   that	   function	   is	   occurring	  rather	   than	   primary	   sequence	   similarity	   (Nehrt	   et	   al.,	   2011).	   Additionally,	   often	   a	  gene	   essential	   to	   human	   function	   has	   no	   phenotype	  when	  modified	   in	   the	  mouse	  (Liao	  and	  Zhang,	  2008).	  This	  explains	  the	  severe	  effect	  of	  Nde1	  mutations	  in	  human	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neocortical	  development	  compared	  to	  mouse	  models.	  There	  is	  a	  greater	  dependence	  on	   NudE	   function	   in	   the	   human	   brain,	   and	   therefore	   the	   manifestation	   of	   Nde1	  mutation	  is	  more	  extreme.	  	   It	   is	   evident	   from	   this	   work	   and	   other	   studies	   that	   the	   total	   sum	   and	  regulation	   of	   NudE	   and	   NudEL	   at	   any	   given	   stage	   must	   be	   carefully	   balanced	   to	  initiate	  and	  maintain	  normal	  development.	  To	   this	   end,	   several	  mechanisms	  come	  into	   play.	   As	   discussed	   previously,	   phosphorylation	   is	   one	   way	   NudE	   and	   NudEL	  function	  can	  be	  regulated.	  A	  number	  of	  kinases	  are	  known	  to	  phosphorylate	  NudE	  and	  NudEL,	   although	   it	   has	  not	  been	  ascertained	  whether	   all	   of	   these	  kinases	   can	  target	   both	   paralogs	   in	   vivo.	   Multiple	   kinase	   target	   sites	   and	   different	   possible	  combinations	  of	  phosphorylation	  make	  this	  regulation	  even	  more	  complex.	  We	  have	  some	  understanding	  of	  cell	  cycle	  regulation	  of	  kinase	  activity,	  and	  therefore	  which	  kinases	   are	   potentially	   involved	   in	   phosphorylating	   NudE	   and	   NudEL	   at	   different	  cell	   cycle	   stages.	   However,	   it	   is	   less	   clear	   what	   regulates	   differential	   NudE	   and	  NudEL	  expression	  profiles	  and	  activity	  and	  why	  the	  neocortex	  has	  evolved	  to	  utilize	  these	  genes	  for	  specific	  functions	  during	  development.	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